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A LOS ASISTENTES A LOS CURSOS DEL CENTRO DE EDUCACION
CONTINUA

Las autoridades de la Facultad de ingenieria,.porvconducto del Jefe del
Centro de Educacifén Continua, otorgan una constancia de asistencia a -
qguienes cumplan con los requisitos establecidos para cada curso. Las
personas que deseen que aparezca su titulo profesional precediendo a -
su nombre en la constancia, deber&n entregar copia del mismo o de su -
cédula a més tardar el SEGUNDO.DIA de clases, en las oficinas del Centro
con la senorita encargada de inscripciones. .

\

El control de asistencia se llevari a cabo a través de la persona encar
gada de entregar las notas del curso. Las inasistencias ser&n computa-
das por-las autoridades del Centro, con el fin de entregarle constancia -
solamente a los alumnos que tengan un mfnimo del 80% de asistencia:

;o

Se recomlenda a los asistentes participar actlvamente con sus ideas y ‘
_exper1enc1as, pues los cursos que ofrece el Centro estdn planeadds para
que los profesores expongan una tesis, pero sobre todo, para que coordl

nen las opiniones de todos los 1nteresados constituyendo verdaderos se-
mlnarlos.

Es muy importante que todos los asistentes llenen y entregen su hoja -.
de inscripci®n al inicio del curso. Las personas comisionadas por al-

guna instituci6n deberé&n pasar a inscribirse: en las oficinas del Centro

en la misma forma que los dem&s asistentes, entregando el oficio respec
tivo. : .

Con objeto de mejorar los servicios que el, Centro de Educacién Continua

" ofrece, al final del curso se ‘hard una evaluacién a tréves'de un cues-—-

tionario disenado para emltlr juicios andnlmos . por parte de los a51sten
tes. -
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. Fecha-

Nov. 27

Nov. 28

Nov. 29

Nov. 30

ANALISIS EXPERIMENT AL DE ESFUERZOS

‘Duracibn

0a 10:30 a. m.

11 a 12:30 h
14 a 15:30 h
16 a 17:30 h
9 a10:30 a. m.
il al12:30 h
14 a 14:30 h
16 a 17:30 h
9210:30 a.m,
11a12:30 h
14 a2 15:30 h
16 a 17:30 h
9 al10:30 h
11a12:30 h

14 a15:30 h

16 a17:30 h

Tema
Introduccién
Funda n““ne ntos de Mecénica
Anélisits_, de Modelos

Andlisis Dindmico

Fundamentos de Mecénica -

thoela?sticidad 2D y 3D .
Andlisis ae Madelos
Aﬁélisis Dinadmico

Funda m%ntos de Mecdnica
Fotoelasticidad 2D y 3D
Métodos: Estadisticos

Método de Moire

Fundamentos de Mecénica

F-otoelast%ici"dad 2D y 3D
Fotoelaticidad Reflectiva

Método de Moire

Dr.

tt

14]

Dr.
Dr.
Dr.
Dr.
Dr.
Ing.
Dr.
Dr.

- Dr.

Profesor

Miklos Hete nyi

te 143

. Luis A. Ferrer Argoite
. Mihir Sen

. Miklos Hete nyi ‘

1t Tt

Luis A. Ferrer Argoite
Mihir Sen

Miklos Hetenyi

Miklos Hetenyi

Luis A. Ferfer Argoite
Alfonso Olvera Lopez
Miklos Hetényi ‘

144 Tt

Salomdn Redner '

Ing. Alfonso Olvera Lopez



Fe cha

Dic. 1°

Dic. 4

Dic. 5

Dic. 6

Dic. 7

" Dic. 8

Duracién

9 a10:30 a.m.

112 12:30 h

14 a 15:30 h
16 a 17:30 h
9 a 12:30

17 a 18:30 h
19a2lh

' 9al2:30h .
17-a 18:30 h

19a2lh-
9al12:30 h

17 a 18:30 h
19a2lh

9al2:30 h

17 a 18:30.h
19a2th

9al2:30h

17 a 18:30 h
19a2lh

Tema

Strain Gages

- Fotoelasticidad 2D y 3D

Fotoelasticidad Reflectiva

Método de Grid

Lacas Fragiles

- Laboratorio

Esfuerzos Residuales
Laboratorio

Strain Gages
Laboratorio

Strain Gages
Laboratorio

Transductores
Mesa Redonda

Clausura -

Dr.

Dr.
Dr.
Dr.

Dr.
' Ing.

Dr.

" Dr.
Ing.

Dr.,

Ing.

1t

Dr..

Ing.
Dr.

Dr.

Ing.

Profesor -2-
Miklos Hetenyi
Salomo6n Redner
Luis A. Ferrer Argoite
Miklos Hetenyi

Salomén Redner
Alfredo Olivares Ponce

Miklos Hete nyi

Salom6n Redner
Alfredo QOlivares Ponce

Miklos Hetenyi

.
~

Alfredo QOlivares Ponce

" 1e 1"

Miklos Hetenyi

Alfredo Olivares Ponce
Luis A. Ferrer Argoite

Miklos Hete nyi

Alfredo Olivares Ponce

Todos los Profesores
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TEORIA DE LAS BANDAS EXTENSOMETRICAS

1:1 Generalidades

Con el enunciamiento por-Robert Hooke en 1,678 de la
leyw*telaciona las tensiones y deformaciones en materiales sometidos
a solicitaciones mecdnicas y el posterior descubrimiento en 1.856-5

de Lord Kelvin referente a las variaciones que en su resistencia sy

- fre un conductor eléctrico cuando se modifica su geometrfa, se esta

blecieron los principios fundamentales de la extensometrfa eléctri-
caj si bién su nacimiento ha sido muy posterior, pudiendo decirse -
que fué a partir de la II guerra Mundial, cuando su aplicacién empe

z8 a vulgarizarse,

En su forma més eleméntal, una banda extensométrica
(Strain-gage; jauge électrique d'extensometrie) est§ constitufda -
{fig. 1) por un hilo metélico muy fino en forma de "parrilla" mon-

? F : tado sobre un sopbrte,'de tal mane

ra, que la mayor parte de su lohgi

tud sea paralela a una direccién fi

ja. Si deseamos conocer las deforma

\\ I’
Ev | N ? - ciones de una estructura segin una:

0

direccién, pé@garemos el extensime -

tro con sus hilos paralelos a dicha

N direccién y al deformarse aquella, .-
' producird variaciones en la geometr{a
g del hilo del extensfmetro que origi-

narén una variacidén de su resistens

cia; por lo tanto diSppniendd,de ins
trumentos capaces de medir variacie-
F nes pequefias de la resistencia ori-

. ginql del extens{metro, podemos cong
| {281 cer las deformaciones mec&nicas de -

la estructura en la gue se pegd.

La Resistencia de materiales nos ensefia las leyes que

ligan deformaciones y tensiones, siendo la extensometrfa la técnica

que permitird conocer el estado de tensiones de un cuerpo a partir

- N .
de la medida del estado de deformaciones, sin necesidad de recurrir

a ensayos destructivos, pudiendose efectuar un ndmero ilimitado de

~mediciones, pués si bién el extensfmetro una vez pegado es irrecu-



_peraple, sus cualidades con el tiempolpéhduron; dentro de los limitegz” A

de utilizacidn, - -
Por tanto, una banda extensométrica actua como elemento

tronéductpr, transformando la variacidn de una magnitud mecdnica en -

la de unc;eléctricc, facultad &sta que se aprovecha para fabricar cap

fcdofes sensibles a ciertbs pardmetros mecénicos, pudiendo as{ evitar

se el inconveniente de su no recuperacién.

, ACtuolménte el desarrollo de las técnicas extensométri-
cas, ha alcanzado tal grado de perfeccidn, que normolmente los proble
mas de medida de deformaciones y teﬁsiones que puedan presentchSe‘en
ingenierfcwtienen solucién,ldeterminéndose con exactitud la evaluacién
de fendémenos cuyc influencia en la realizaciédn de proyectos es primor
diql, con la ambiciosa meta de fcbricqcién con coeficientes de seguri-
dad préximos a iclunidcd, sin perdida de garantias funcionales. Reduc-
cién de costos de fabricacién, control de calidad, homologacién de mar
cas, investigacidn, estudios y ensayos, mejores de fabricados, nuevos
disefios, efc} etc, son logros, que incluso a corto plazo, Se consiguen

con equipos sencillos elementales y econdmicos,

1.2 PRINCIPIQS TEORICOSFDEL EXTENSIMETRO OHMICO

Consideremos un extens{metro formado por un solo hilo
conductor unido.a una estructura, de tal forma, que las deformaciones

que pueden producirse sean idénticas en ambos (fig 2).

La resistencia R del hi

E <i?L~ D lo tiene por valor:
I —_— ] —
p dD o LT R- F 4
E : =+ - e x WS S - 5
>N - (p = resistividad)
£1€'L ' ?

Si el hilo sﬁfre una deformocién (alargamiento), la lon
gitud 1 dumento; la seccién S dismihuye y la resistividad varfa dando
lugar estos'ccmbios a una variacidn del voior;de'R que podemos obtener
diferenciando (1) y después deducir la relacién entre la deformacidén
eldstica del hilo y la voric?ién reldtivalé uhifcric de resistencia,

S _f-‘f'r'Fdf)"f’[‘“; Coe = e s = [?}

en efecto:

7

| AR
Movdenad s 12_] [Lor [1X

4 df df ds o _ _ __ (3
PR S A e | &



“

\Sx el V'wto e% Se {lo\'m.a_ cd’.undaca,

S= b L, ' d.S——Q"DCf-D g OQS -zjbl'susfifugencfoen[ﬂ
AP df AP, dd _ )
S i SRR |

La (4) podemos escribirla como:
AR de d.D
R P D
df 7 4t .O_Qeg
¢
pero el Ultimo término del segundo miembro; es la expresién del coe
f1c1ente de Poisson GLE-'E%£-—:JL iuego sustituyendo tendemos el
valor de la relacidn entre la vor1cc16n de resistencia y la deforma
cién unitaria,
| oQR dp ' o
= A+ —~——-+2)/L - - - [5)

Q

al segundo miembro de (5) se llama factor de banda o de sensibilidad

Ki | 40 | .
K L+ Q)A.+I— - T T T - - [G]
= o |

Bridgaman enuncié que lc variacidén relctlvo de r951st1v1dcd de_un con.

ductor es proporcxonol a la var1cc16n relativa de volimen de dicho -

conductor

, "}j’ c ob“ (C=Constante de Bricdgman) . []

St V=l,8 u soskifiyendo 1%) en. [53 - -
R (asmyre(r-guy) gt - - - - - - - (8]

Hasta aquf, hemos considerado la secc16n del hilo circular, pero en

las modernos b .ndas impresas la seccién es rectangular y la varia-

cién de resistencia 2 , funcidn de las deformaciones que expe-

. . . ’
rimenta la banda en las tres dimensiones se calculard.ast:

z _ i Siendo @& (fig. 2a) -
Y /e o4 9]
- Ref o = — - - —- L
y las deformaciones segin los ejes
a T —# ¥- 9 .X,Y,Z §0n:
19 L




£ ) 7 {r ! a ot b
dlferen01cndo logarftmlcomente lo”tendremos _
dR . dr _dl  da _ab sy AL aa gl
R T*"‘F" o e A N
- db , ca cw) Al da Al
e L 7 - ‘ (,‘- -

- C(Zx‘/,u ¢, -/Ué.a,{rf\})f- Se + e, + U ‘cj - 2‘\ -
2 €k [C Cl-/_u)i- i+‘_u;\ +£.} (L’ /J} Ciu) .
Kz o (In) rd v

K'zr'(C"l) (l -’M\

y llamando

queda

La (10) nos indica que una banda extensométrica

sible a 1la deformcc16n longitudinal segin la dlrec016n de los

l1c)

es sen-—

hilos -

activos, pero también o la deformacién transversal, siendo esto (lti-

mo un inconveniente que puede introducir errores, Si el valor

de la -

constanté de Bridgman se consigue que valga la unidad, K,=0, pero préc

ticamente es muy dificil de lograr, por lo que se tiende a buscar un

compromiso que haga K2 lo menor posible y por lo menos que permita co

nocer el error que su presencia introduce en la medida. Veamos como -

se logra,

La (10) puede escribirse:

N N

siendo Kt:-é} " = factor de sensibilidad tronsVersol del extens{ime-

4
tro, Sustituyendo:

L1( kt/‘is ) K1 J'Akt‘)é(: Kgx -

]

E1 foctor de banda dado por el fabricante es K Ki( </LKt) porc}A:QZBS

N

‘La expresién: K €&ﬁ€M> ‘
. .e‘ : P | .{OC'- . - —

1

nos dé el error en % 'que sobre la medida de la deformacién segdn iex '

introduce el factor de sensibilidad transversal. Vemos que en

el caso

en que la direccidn de £, coincide con la direccién de tensiones uni-

direccionales (traccidn o compresién simple) el error es cero, pues

s



N

~;, se cumple que \Eg ’—‘-—/aLé,( , (fig 2b).
Y ~ Segln la fig. 2c¢ vamos a medir la dg
F i ;Nggggiz € | T formacién laterol,c?rrespondiente a
‘ un estado unidireccional de tensiones,
L x L€112g€‘t . aquf por el giro dado al extens{metro,
? cumple que ;
?13 2t - : q/h. E € ]
. X = = ! ‘3, 7 / .
X " r, Ay

} ' -
Si consideramos /,(:0,3 ¥ k't::?% sus
 tituyendo en (1la), el error vale:
r‘“tt’tf‘" 003 -5 +03 o
ﬂ’ZJ e: - 43 ) «doo - - 99

thC 1+0 3,003
El error del-9% .no puede despreciarse y adn cuando en -~

el ejemplo se ha buscado un caso muy extremo, habré que evolpor siempre

la magnitud del error y considerar si debe o né despreciarse.

‘ El problema en el caso que se conozca la direccidn phig
cipal de deformaciones (fig. 2b) no tiene importancia; pero como se -
ver§ posteriormente en el caso de rosetas de dos O'tres_direcéiones -
el error por efecto de la sensibilidad loterci puede tener influencia,
puds se estaré siempre entre las dos posturas extremas phesentodos en

las fig. 2b y 2c¢.

1,3, OBJETO DE LAS MEDIDAS EXTENSOMETRICAS: Unidades !

. .. Los materiales empleados en la fabricacién de méquinas
o cualquier elemento sometido @ solicitaciones externas, sufren en su
estructura interna unas tensiones que deben equilibrar las cargas que
soportan para que no aparezca la rotura, sobredimensionandose siempre
los disefios para obtener un coeficiente de segurldod adecuado. Eviden
temente el méximo conocimiento del estado de tensiones ayudaré a mejo
rar el disefio y a reducir el coeficiente de seguridad, pero la medida

directa de ten iones no siempre es posible,

Demostraremos en este capftulo, que si conocemos el es
"tado de deformac1ones en un punto, podremos cdlcular el estado de ten
51ones del mismo y determinar el valor de tensiones crfticas (tensio-
.nes normcles méxinas o combinacién, en una drterminada direccién de -

tensiones normales y cortantes, que puedan representar un fallo).

El estado de defbrmaciohes se determinaré a partir de

las medidas, que en una, dos o tras direcciones, que se efectuem con



extensfmetros.
: Y

Salvo casos muy especiales, la aplicacién de las bandas
éxtensométricos seré Siemphé en la superficie de los elementos de en
' sayo, por lo que solo estudiaremos el estado plano o binaxial de de-

formaciones y tensiones en un punto,

E1l concepto de deformdaciongsm es andlogo al de olorgcmiég

to unitario y lo representaremos por £ midiendose en microdeformacio

es(pnd) :
n 5(}&) G c'i_Q_ lOG (-

- WO. .- .- _microdeformacién (adimensional)
Y .
Diversa literatura suele expresar las deformaciones en
micromilimetros/milimetro o micropulgada/pulgada, creando a veces al-
~ guna confusién, en realidad es decir lo mismo de una o de otra merg-a,

ya que se trata de la misma unidad por lo que nosotros recomendcmos

referirse siempre a/ué

'El médulo de elasticidad E y las tensiones Se expresardn
en doN/cm2, cunque en algunas taoblas pueden aparecer estos valores en

Kp/cm o Kp/mm .

1.4 ESTADO BIAXIAL DE DEFCRMACIONES

yé Sx ) El recténgulo elemental de la fig. 3
%?ijjj;ff de lados dx y dy tiene como posibles
.Aglfjﬁgkn ﬁ_tﬁg 7 las deformaciones lineales segdn los
- Jgiii4:”—5x ejes X e Y ya definidas y de valor:
N R
&?Y. y 5 | ." dx d dy |
:ng Jg SR ef::fi originadas cucndé la direccién del
#;;;kd X : .;_ijj::x . alargamiento coincide con los ejes’
Sy Y x&a‘ Ygdj ex : X e Y respectivamente y otro tipo de
37;“;‘réa:i; 1 T_,-~gx:dxjd3 deformacién llamada angular que apa-
(%L<232 N AgI::;;',' rece cuando hay un desplazamiento -
#a;rk- X —}dx" X tronsversdl de los lados dx y dy que
| - f_&,;nqgix_ . » motivo_qyg la forma rectangular ori- .
3*63d&_.;‘] S B - ginal se convierta en rombica, La de
. Ak . Xig A formacién angular 6“3 se define como
d&;: ig/A' o ! la cuma de los desplazamientos trans
J‘;i;”“’i”C;_g;A}; ‘ versdles.divididos por las longitudes.

oiidgincies que no le son paralelas es



x Y

y

fi’s 5

o~
>
[}

= f¢ +dx' =BD +DE +FH

aeclri

b= ay } *ir‘ﬂl*“}x&&« ¥

La deformocién angular se considera
positiva si supone una disminucién
del dngulo recto original por una

extensidn,-

En un punto arbitrario (fig.4) de
la supefficie de una pieza cargada
podemos afslar un elemento infinis-
tesimal de material para estudiar -
sus deformaciones en el plano XY y
para ello.oplicoremos el'princibio
de superposiCi6n,;por el cual la de

formacidn total ser§ la suma de las

deformaciones parciales, es decir,

la suma de' la deformacién lineal sg

.gdn los ejes X e Y respectivamente

y ia'deformacidh”ongulcr-sz,

Vamos a relacionar los valores de lax

deformaciones segldn los X-Y con otro
conjunto de ejeS‘X'-Y‘ que forman un

éngulo 8 ., Al éngulo B 1e considerare

mos .p051t1vo en sentldo contrarlo

En la fig. 5 se observa la geometria
del elemento infimtesimal referido a

los nuevos ejes X'=Y', el alar umieg

to segdn el eje X' seré: Eg--zrq ;

d/; wuben B - _ _ _ . | REYA

BD 7 ¢ .dx' wobeoyb:g, dx' cos?
EL e e M €y oy sen' 6
FH = o« wn!)dr,, b

‘gxlz Ex m29+5}' sl +

€y = & m’(9+~)+z 10”

La deformacidn angular viene exprescdo por: 5 g'*’K!

——

(9+ )+J; W[W“Z m—@+2)[131

--HC*CE AL -HC - oQ*(fA u""'g 'QJ_ J.a,{ Uu9tmg
'J‘K-:-QJ +NQ +PL f_f,' i;aﬁx send urb NQ- A;i? wud w> b
KT - n A dwb ) BLz Ay fy &




Yord B gy) wibioe pey (V- sen'B) | ikl

Si‘expresamoé la (12 y (14) en funcién del éngulo doble podemos es~

cribirlas : ' _ :

'E'“.E“.}-{} . EA‘Z'.}, m29+.§iw29__ --——-[45]
T2 2 2 -

%? = —212:\{35—30119+ XT:LALWQG— - - _~[’l€]

Por ser funciones peridédicas tendrén un méximo y un mfnimo que calcu .

laremos derivando la (15) respecto a B e igualando a cero.,

AEx . Z%iam29+2%*—‘ta~29:0 | )

—
-

A6 N
r}%QM_ :'K’y_z____: aen 20 a1
m _&f_} . m&e ‘ N B v
de donde sustituyendozén (15) tenemos:
: x A VI
EX e = £ ;f‘t N : 1[(5,;2’3 Y+ oy X-
o e

N R R
Los subfndices M-m indican los valores mz;imo y mfmimo, en efecto

" hay dos valores. de 2 0 M=m que cumplen la ecuacién (17) ya que

,Q“ZO': Vaa(QG?K) o sea que las direqciones de las deformaciones méxima y
minima son perpendiculares entre sf, verificdndose ademés que la de- "
fdrmopién angular es nula como se demuestra sustituyendo 1la (17) en -
la (16), la fig, 6 aclara lo expuesto,

N AV AL ,
QG%§§§+G%L " El valor méximo de la deformacién

98 angular se obtiene por el mismo pfg
w

e _ 204 cedimiqnto y tiene por valor:

T - -\ [ e (&) (4q

5L g G\ (e
112G

demostréndose que su direccién forma 452 con respecto a las direccio

S

nes principales,

Si el dnguloqqque el eje arbitrario X' forma con el eje
X hacemos que sea-nulo las expresioﬁesv(ls) y (19) se pueden escribir;
- E +¢, L -5
ExlMm) = T &
2 ya

s -2,

. Z . - ' _8_

| KM-—W_ i
5 R



siendo El}ia lcs'deformociones segdn las direcciones principuolés.

Para cualquier otra direccién que forme un éngulo ot

respecto a tas principales, las férmulas quedarén:

&+l & =& ) 26)
= taacdd - - — — = - - =
€ot 2 + 2 '

%.2'2.:;2': A‘M\MZ&_ - - - - e [21}

si llomomos'

& €+El : 3{ 'r-.- a.‘;/z". tendremos quc

'Ed.:.dé,*l-rc'o:SZQ(-__ - _ _ e = [22]

B .__"':“‘[23].

K"‘ = (Aoni&_

1,5, ESTADO BIAXIAL DE - TENSIONES

En una ba: ra prismética sometida a una extensién
r r - pura, se llama tensién (esfuerzo o fatiga) a la
\x ' Gn . . .
BN fuerza que actua por unidad de superficie;
L.~. _X.ég_;f’.‘_; G = —.SE' ($:seccuén ‘sequn (- r'),

1. -

‘KT/ si consideramos otra seccién S (segdn p'-p) cuy
K

normal forma un éngulo® con el eJe de ap11cac16n

'de- fuerzas; la tensién segln el eJe X valdré

w

o X h )
$ig7? | c,:—g.—z—gme—-c; o3 0

y de5componiéndolc en las direcciones normal y tangencial respectiva-
mente de p-p' tendremos que: ' '

Cn:z 6. coABcot B = G, w&zﬂ__ o ~{o4)
=G cosesme-io‘,‘omls_ e o= = — - - fo8

llaméndose el valor (24) tensién normal y al (25) tensién cortante.

E~tudiaremos el estado biaxial de tensiones en la Su=
perficie de un .uerpo que no esté sometldo a pre51ones exteriores;
-de forma andlogo a como se desa: rollq el coso ‘de deformaciones, para
ello aislemos un elemento 1nf1n1teﬁ1mgl de lados paralelos a unos eje
X - Y, las acciones que actuen sobre el elemento originan mas tensio-
nes normoles y cortantes que mcntlénen el equilibrio del sistema, -
(hg. 8)




Y - _ Las tensiones normales serdn positi =

,“‘ vas en caso de traccidn y negativas
- S}_“;;ZV ~ en caso qé comprensién, asf{ mismo -
B * | G, X las tensiones cortantes se consideran
G ‘ ‘—_“4>#Z .positivos'cuando'producen un par en
x, sentido de las agujas del reloj y ne
V(Y&' fig& gativas en caso. contr‘crio. ‘
: En lo fig. 9, vemos el elemento infi
Y Y nitesimal referenciado a unos ejes
W@f%\ r(8+F) ' que forman un &ngulo @ con los X-Y';
Lo 00 X' buscaremos el valor de las tensiones
X _\ 2 . - 0% Bx ligadas a la nueva orientacién de
s ejes, para ello tengamos en cuenta
X & 7 Cﬂﬂh ) ‘que el equilibrio debe ‘ser de fuer-
- | (91'-) {139 zas, en efecto: '

§,S = T swsemswas aon B wne*casmgwgftaxsmgwgg -
‘Q\ SCO’QIG*—G‘}sM 9+41Z;~&3W9’¢0f6

Gp=Gx co?0 +OY 2sl 0 +2 Loy e Beor®. _ _ _ . - _{2€]

£~( ¥y e o b 12D cot O+ Coy (cortp-wip). [27]
ecuaciongs'que expresadbs en funcién del Gngulo doble nos dan:
- G\F*”G\T WA-G-\& . , -

0, = 5 + 7 ot 1B+ t‘}\w&Q_ - - — [28]

Z‘e*(%’—&)mzwﬁa 126 - - - - - - .[29]

Si derivamos la (28) respecto a & e igualamos a cero, encontraremos

los valores de [) que hacen méximo y mfnimo a dicha ecuacién:

AN my) w042 L g 220
I ' | “1.

2’8 _ den 19”"'\'_ t)tz.)
t}‘ M-m ™ 8, . Sy

Por consideraciones andlogas a.las B hechos en el estudio de la defor-
" macién biaxial, se ded'cen que hoy-dOS\plonus perpendlculores que -
corresponden a las dir. sciones en que %os ténsiones normales son méxi
ma y mifnima reSpectivomehte y en las clidles las tensiones cortantes

son nulas.



2/

De la misma forma encontraremos que:

Cym & (m)ﬂ.(a}yw RN 1)

7 _
El valor méximo y mfnimo de la tensién cortante se encuentra defasado

452 respecto a los valores principales de las' tensiones normales.

Haciendo que el dngulo: QM-O tenemos que: .
-0+ G'z T -—6-1 |
2 2
Ty =t S48 : L
51endo <$,3, L,gel volor de las tensxones normqles m6x1ma y mfn1ma,

rlas tenszones en cualqu1er d1recc16n que formen un dnguloc(con las

principales, tienen de valor: : _ ( 2}
! _ _ . Tagl
.. Gz ,°";.*F‘L—-1_-‘;..°l:‘,‘" Y Y AR

2%-n5§£1‘dbu2u   %?}% -¥" :.: _ﬁ“,. LBQ&Q

~ Llamando,,

Y Boon T Céné?x;s 40¢;, |
G;l- B+FL¢‘$2°{ R o _ _ ""'__ - - ___[33}_

—

1, 6 RELACION ENTRE DEFORMACIONES Y TENSIONES

Tk B h
&y o
ci} 1 _ Supon%mos el elemento de la. flg. 10 a
1T ~_ aac .‘plicando el teorema dé la superposicién
‘ ‘ ‘encontramos que
B A . A _ , . !
mE N
/ E
41>.’&gio ; |
. | £ & _ f§1 :
S TEA BN A 8 E E
Q= =

aaaa

Experlmentalmente se demu strc que.

Tl B - l~-~--;, _ _ --[3a3]
e ety e ; [].




llaméndose a @

cogficiente

Recordondo las relociones:

Cl-— E +&
2

r - E €2

se deduce que:

d

F g, -G
2

)A

de 2lasticidad a cortcdhro. &

"

| . & G, S 8.« A -
Cives - M E E TR AT ('—}_-_")
$.S+% L+ E 4 E (38]
2 2 b J- g
€,-€= T, -, ../_'_2__'_%‘_ |
F: ¢:°€i B fy'?:- ET C —_— E' e e quq
2 2 T T Jep

1, 7 REPRESENTACION GRAFICA DEL ESTADO BIAXIAL DE TENSIONES Y DEFORMA

CIONES: CIRCULOS DE MOHR

Una de las formas mds sencillas y quales de representa

cién del estado plano de deformaciones y tensiones es el cf{rculo de

Mohr. Recordemos que la deformacién en una direccién cualquiera que

forma un 6nguloc(

valor:
E, +E& -,
R
é&_‘ S, -%2
2 2

lendo =T Jen 2o

respecto a las direcciones principales tiene por

cosdot = L+r coz o

Podemos repreéentcr'précticamente éstas ecuaciones segln la fig. 11,

pués se cumple due:

{ £,
2

‘I‘ﬁ 62 .__.._.1r

)y 1
0 et
4 —cf ﬁ?l//
?'#' G3l6: T
: ol \
0 \- W
é

e oM' = d+ rmdécx

0;) 2 MM = I‘:fe/LoZu

Observemos que el valor mdximo y el

mfnimo.

. La fig. 12 nos indica el circulo-de,
Mohr para el estado de tensiones'y
vemos su similitud con el de defor-

MOCJ.OHGS 3o

buzoA = §+peotdo |
> _up'= Plen 2o e



En el dominio eldstico de los cuerpos isotrépicos, -
existe proporcionalidad entre deformaciones y tensiones, por lo que'
los circulos representativos de ambos valores son concéntricos, Los
coeficiente§ de proﬁorci&nalidcd han sido deducidos en ol apartado
1.6 (fig. 13). {17 - C '

_ .I %7’

g

L/ /¢
B N fig 13

1.8 EJEMPLOS DE APLICACION DE LOS CIRCULOS DE MOHR.

Ne 1, Sobre el elemento de la fig. 14 actuan las ten-
siones que se indican. Calcular analftica y gr&ficamente el valor'y

direccidn de los esfuerzos principales,

&= -150daN/cm

- SyeisodaNfemt Sk S

N ot . /lo q},;
Zuy = Dndia Nfem? ' _/
/ ! | 2

£i’_g {4

_ 150+ (-150) o e \2 - o
G-“'M = “'—T—-—— t iSo ('So))+iooz =t igo M/M“?-F
- — - - AR
o L
b L )SJOO-ZJSO):QGG ?N > ulo Igo
| — - rees
Co | 2 20,5% 70°
Ne1 Idem af anlerior.(fig 15)
Sy=-boo Y s U
C,xa-ioo. /ﬁ G}:—&OO&&N/UM} | : //1
e A
~6_ 0__M\ EszlOoaLaN/cm‘ G;‘\ S G
- f1415 Ty
s - -ioo+(_—loo)_ Ao '
S} s oo G‘M:5+f:-ioé+ioo=0
. " _
?:tQ(%M +ioo" = ioo qm: 5-? > - 1{00'i00 :’206
io . N - ° ,
W st = 2 -0 MzhS -



~ Cdso.s'tlfpicos de aplicacién del circulo de Mohr.

TORSION Vo S
Zx
!
Ity
Ligle Omelay
TORSION Yy TRACCION
. ’ G—m Y :G'M A Z.Y" .
N3 AN\
o G‘m G.;‘,
I X 0 1
=X \ 9
hgl?
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' loS'éngulbs.eAleB y 9C respectivamente con el eje X

 Bandas de tres direcciones o rosetas (Rectangulares)

Consideremos el valor de las deforma- Y

ciones (fig., 21) en direcciones A, B y C que forman

de unos ejes arbitrarios X-Y, tendremos:

€, £¥L+ EL:-&—CUS»QBA-* %1 ten 26,

2
. é;*ii f,."f . K“
€q: 2% 2/? mz98+._211en2,93 ‘
Si hacemos que: -
60 ; Bz Bty
_ | nos queda:
EA.:Ex ‘ E,‘ ‘=£A
~ (2 1’5} K“L ‘ .
eB = "2’ + 2/ Ea Ec

€= £y | x"} 26" (é‘\ 583 (53 Y+ (€o- £, )---[LQ]

Sustifuyendo lcs‘(4l-y (42) en (18) y (19) y simplificando tenemos:

Ep +€c

€uz =5 ‘!—— V(sﬁ—e,,) + (¢s- zc) A L )} |
e f”f‘ - \F(z‘, 23)7 fg-zc) o ._ — {1,1-.}

x.;.mw:u I (zisl'
“3}1,9 __{(&-a)ﬂ&-&)] B [AG}

A Za-%c T -
El éngulo GH serd el que forma la direccidn pr1n01pal méxlmc con la

direccién A, {

Los valores de las ten51ones mdxlmoly m{nima

b * 5 V:_\;‘c = { (EA s (ig ) [43]

_Z.M V_i ,“,}” V(’EA Zs) (fs e_).. - - - - = 1"8]

Las férmulas (47) y (48) dan dlrectaqente los valores de las tensio
nes principales a partir de los valores de las deformaciones en las

direcciones A, B y C,

'
J



Las ecuaciénes anteriores corresponden a una banda ex-—
tensométrica roseta rectangular como la indicada en la fig. 22,
Vamos' a ver grbéficamente como se
determinan las deformaciones prin-
cipales a partir de las deformacio
nes €4’ €g y € valiéndonos del cfrcu

lo de Mohr.

Sobre el eje x (fig. 23) traslade-

: - mos los valores £ fg(}i‘c . En el

EIW T= e frculof} e tienen que estar -
@ oI ¢ ¢
Y 71\

defasados 1802; por lo que el cen
[A +€c

“ﬂﬁ " ﬁfﬁﬁ tro <.:le1 mismo serd- d: 7 ~la d_;_
L LU reccién de &g estard en el cir
culo defasada 902; bor lo que debe

4§$2’b ’ cumplirse la igualdad de los tridén

gulos.o%g’: o%c‘ con lo que hemos
'determlnodor.co |
En el cfrculo observamos que desde el punto A que corres

ponde a 54 tenemos que correr un 4ngulo positivo 301 para llegar a

E:-Epm i por lo tanto y sobre la banda roseta desplazaremos un &Grguloy
. para la direcciédn de la deformacién principal mdxima. E1 éngulo o
es el que forma la direccidn principal méxima tomada como referencia y
la direccién A, considerando como positivo el sentido contrario al gi=-.

r o de las agujas del reloj. ‘

" Conocido el cfrculo de Mohr de deformaciones fécilmente:

se deduce el de tensicnes (ver. 1.6) de la fig. 23 se deduce:

I {
t — & )
1 . |
— & . |
. B /.
e |
! e, |
Y ] 241, €
A
- Earse ‘[ -
1 Q_ 4




1.10 CALCULO TABULADO PARA ROSETAS RECTANGULARES

Sean EA EB& €c las medidas de las
bandas, A, B y c.
1) Célculo de d: dl: €;r£c
2) Célculo de r:

(con auSu%mo)

P

z

Anotar los 3 valores con su signo

Restar (=&, ) a 1053volores, se obtiene

Anotar el 51gno que corresponda al mayor volor de

/S"

(V%4 °.J5 en valor absoluto k==

Sea,por ejemplo,‘c(' ese nlmero, Dividir ™Y 9
por ©f con su signo, ' "

Se obtiene

Y puede ser positivo o negatlvo, péro inferior a
1 en valor absoluto,

Buscar en la tabla I el valor W due'correSponde ayY

Se tiene que: r:]ul w (N@mero p051t1vo) 7
Las deformac1ones principales son:
=t
Eq_:d‘f‘

Buscar en la tabla II, el 4ngulo que corresponde a Y
con su signo, & estd comprendido entre O y 452, Llevar
el 6ngulQ’ o en sentido externo (que se aleje de la

referencia O) sobre el eje marcado con el 1,

La direcciéh‘obtenido es:

Méxima si anotamos el signo 4+ =

3}

Mfnima si anotamos el signo — <<%

JEU S
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1,11 BANDAS DE TRES DIRECCIONES O RCS TAS (EQUIANGULARES)

Las direcciones arbitr riaos de lo medida de tres defor
mdcioneslen un punto podemos hacer o.e estén defasados 1202 con 1lo
que la b@ﬁqc tiene la geometrfa indi:ada en la fig. 24 y por consi-
deraciones andlogas al caso de la rcseta rectangular encontramos los

resultados que se indican

siendo f el dngulo de la direccién principal méxima con la direc-
cién A, |
Gréficamente podemos encontrar la solgcién llevando sobre el eje X

del diagrama de Mohr los valores de Eg’EQ'JE}- (fig. 25).

IR
2

4ig25

' +
El centro del cfrculo sera d= -§1~§2:fh- : sobre las
dos proyecciones que queden a la derecha o a la izquierda del centro

O; se levanta MM? perpendiculqr’en el punto medio de las dos proyec- .
ciones'y‘dasde O' se traza una recta que forma 602 con el eje X, el
punto de interseccién M nos dé el radio del cfrculo r=0'M . Aparen
temenfe hay dos soluciones pero los puntos A'-B' y C' no guardan en

el circulo el defase deé 2402 de acuerdo con la orientacién de las -



dirfecciones . :a band:

De la fig. 25 deducimos:

A= fatFat¥s ¢ s Vi (fe- o)
3 S e
- '3 ’C['f‘ ? I
r 2" AR S A
= il




1,12 CALCULO TABULADO PARA ROSETAS EQUIANGULARES

Seanfﬂlfsaiclca tres nedidos con su $1gno
'OL' €a +Earf

1) Célculo de d: : :

2) Cdlculo de r:

‘Anotar las tres medidas segln su direccidn —-

Uno al menos de los valores medios, es algebraica .
mente igual o menor que los otros dos. Sea por - - ¥

ejemplo & . Se suma (-£.) a los tres valores.

Se obtiene as{ Oy dos nlmeros positivos N 3‘9 -

Dividimosa continuacidn por el ndmero mayor u‘{ﬁ

sea por ejemp1?15

e~ 1

En la tabla III se obtiene un nime"

ro_U=f(x),'tcl que r=dP‘~U-
o \

gzelsr
3) Célculo de ¢

La tabla IV dé el &ngulo en funcién de X, Este‘zg
gulo comprendido entre O y 302 se lleva sobre el
esquema Qe direcciones haciendo girar un dngulo Y
la direcciédn marcada con 1 en el sentido que se -
oproxima a la direccidn marcada con O. La direc-

cién obtenida es la algebraicamente méxima,
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L1 SETA D DOS DIRECCTONES

Cuando la direccién de los eies nrinnt

I - - pales es conocida de antemano, c.ome
o e ‘ - . a B
- ,1 . ‘\f / por ejemplo un cilindro baje pra. .o
.:: g f}"\o (fig., 26), con solo medir ;cs Geiors

ciones en dos direcciones perpoendicu-
lares que coincidan con las direccio-

nes principales, serd suficiente paro

* determinar el estado de tensiones en
"“ un punto | '
KLEZQG i . | ‘ s
&:EA:EMI' Ezzg\e-'[:rn . d/Mﬁ $a B

[Sa]
| N
bt

¢=7§7(f.+}f,), o - [

q,- E 2 + 1€
. }.>*2 (E ./L )" - -f : .§ B .
C:Gy:§(&-5a)_ e L1

Se incluyen 4bacos para el gdlculo répido de tensiones «

partir de las lecturas en microdeformaciones,

1.14 EXTENSIMETROS UNIDIRECCIONALES

Si- se- conoce la direccidn principal de esfuerzos y esta
~es dnica, como en la traccién pura, la tensién es obtenida aplicande .

la 1ey>de Hooke, * ’ . : A
G‘:E,E g-,_:ffj

§,:0

1.15 CORRECCIONES DEBIDAS AL EFECTO DE LA SENSIBILIDAD TRANSVERSAL

‘ Cnmo vimos en el apartado 1.2 él efecto de sensibilidad
transversal en el extensimetro, puede tener influencia en los resultg
dos, sobre todo cuando se emplean bandas rosetas. A continuaciédn se
indican las correcciones que deben efectuarse sobre los valores de de ‘

formaciones principales, asf{ como sobre la distancia del centro y ra-

dio del cfrculo de Mohr,

Sea &y - Em "los valores de las deformaciones prin-

cipales calculados y Kt el factor de sensibilidad transversaqal, los ver



“daderos valores

| foooo r}*)kK'r ‘ ‘
e (£00-Fr e )

ZMJ__J_*fL_ (£n ¥efn)
-k o

d‘:ct@?\(t}/(ukc\i R
.‘(|':( U*)th)/ C1+K't>-. - -
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1.16 PROBLEMAS DE_CALCULO EXTENSOMETRICO -

Problema n? 1 

F s . ;
? ' Una barra de acero estd sometida a una traccidn pura,

Y , monténdose una banda en el sentido de la traccidén. Cal
i

Ubi

i

Problema n?e 2

cular las tensiones principaoles, si leemos 1275/u8 y

el acero de la borra tiene E= 21000 Kg/mm2 y /u= 0,28

L . . .. - 2
En un depésito calindrico de aluminio (E= 7200 Kp/mm™;
/u=10,33) se admite que las direcciones principales -

coinciden con los ejes vertical y horizontal y en ta-

les direcciones se montan dos bandas extensométricas -

respectivamente. Las lecturas bajo carga son:

he]
[o]
35
Q
[
[
m
—
!

~'3950/ué
2540/ué

[
N
m
N

il

Calcular las tensiones en este punto..

Problema n2 3

En un eje cilfndrico de acero (E= 21000 Kp/mmz/u= 0,28)
de 80 mm de didmetro se han montado dos bcndos.'JI y -
-~ Jp a 452.respecto a su eje, El eje no sufre flexidn,

‘'pero si una compresidn P y u.. uumento de torsidén M,

En el curso de una primera experiencia, se obtienen -

como lecturas las siguientes:
£=-€, = 1830/u<5

¢Cuales son las tensiones en el punto? ¢Cual la fuerza de compresidn
y el par?

En una segunda experiencia se obtiene

¢Cuales son la fuerza P y momen to M?



b
O

Los problemas siguientes, se refieren o7 <déicu

setas, en ellos deberemos calcular:
- Direcciones principales méximas y minimas

- Detormaciones y tensiones méxima y minima.

Problema n¢ 4

Roseta de 45°¢
E= 7200 Kp/mm> Ju= 0,34

Lecturos:' A = - 3790 /ui
B = - 3220 /u«}
C = - 4750 /Uff

"Problema n¢? 5_

E= 7200 Kp/mm2 /U= 0,34
A= 4 2080 /u

= = 1800 /u
C= - 1200 /9

7

Problemc n2 6 : . 5
: E= 21000 Kp/ mm = 0,29

A= + 3580,
/

B= + 1930 po

C= + 1370 uo

Problema n? 7

E= 21000 Kp/mm> = 0,29
A= 4+ 1,792 /ué
B= . 817mu0

C= eés/ué

Problema n? 8

E= 21000 Kp/mm> jus 0,29 -
A= + 340 /ué “
B= { 520 /ué
C= - 710 ¢
/

Dar directamente las tenciones, sin pasar por deformaoc iones.



“roblema n® 9

D

AR,
e
B ///_ ' \\\‘C

Problema n? 10

Problemas n2 11

o Prop{gma n? 12

Rosetas de 120¢°

E= 7200 Kp/mm2

E= 7200 Kp/ mm2

(

A= + 4410 &
M

B= - 540 uC
C= - 1920/Aé

E= 21000 Kp/mm?

(
A= «120 /uc

B= +540 ¢

C= 4310 M b

E= 7200 Kp/mm2

¢
A< 4 1795 L0
B= ¢ 1803}¢5

C= ¢ 1812/&5

/U= O, 34

/u= 0,34

/u= O. 29

Ju= 0,34






11 TECNICA DE_UTILIZACION DE LAS BANDAS EXTENSOMETRICAS

2.1. FABRICACION DE BANDAS EXTENSOMETRICAS

Una banda extensométrica est& formada por dos elementos
fundamentales que son el'éoporte y el conductor eléctrico %edsiple'o
las deformaciones, habiendo erlucioncdo grandemente la counstitucién
y técnicas de.fabricocién'de dichos elementos.,

. ‘ En un principio, se empledfon-con gran difusién soportes
; de papel y conductores de seccidn circular colocados segin la fig. 1,

pero entre otros, presentaban los gra=-

_ ~ ] ves inconvenientes de la higroscopidad
SV’ ' 42 : del popel, que hacf{a perder el aislamien
— T to de la banda y el elevado factor de -
‘F. q sensibilidad transversal ‘en las partes
) ‘9 curvas del conductor, intentdéndose com-
_ 4__*Af{'F““V pensar éste Gltimo efecto dondo'forma
- i — de zig-zag u_otros disefios ingeniosos
T (fig 2). Actualmente_una banda de cali-
1 dad sé_fcbrica sobre séportes de resinas
"1 epéxicas y por el procedimiento de foto
j  a grabado, se consiguen formas y dimensio-

nes imposibles por los métodos clésicos
Fl.az . (fig 3), ya que los modelos pueden hacer-
: se a escalas mgy,odmenigdos,kconstituyenﬁ

u 3sfhs+lds:11;mddds bandas de trama pelicular o de film metdlico.

Los prinéipios en que se basa la extensometria, suppneﬁ
que las isost&ticas de la estructura bcjo'ensoyo._pasan a través de la
porte activa del extensimetro y se ha podido comprobar por fotoelasti-
cidad, qué en un extensimetro pegado a una estructuré; solo en sus ex—
tremidades Hoy'distorsién de'aquellos, y né en la zono.ceﬁtral;,por di-
cho motivo, dando a la banda ;a forma indicada en lanfig. 4, conseguire
| mos estcblecér en los extréﬁos de los =
conductores activos una zona de anclaje
en la que se inciden los isostéticas y

por su mayor seccidn respecto a la parte

activa la variacién unitaria de resisten
cia es menor y despreciables los coefi-
FtS-B - cientes de sensibilidad transversal y -

longitudinal. A



) La p051b111dad de dlsponer de superf1c1es odecuadas pa-=
ra la soldaduro de los cables y la transparencia de los soportes, que

permiten una colocacidn 6pt1ma-del extdnsfmetro, afiaden ventajas a;éste.

~ Las aleaciones. del metal conductor responden a las caragc
:terfsticgs;especfficas de cada tipo, - siendo a veces riguroSo secfeto
el proceso de fabricacién, en el que se incluyen técnicas sofisticadas -
para _conseguir mejoras en la utilizacién de extens{metros. A tftulo de
ejemplo, en la serie CEA de la casa Vishay-Micromésures, el tratamien
to dodo a los extremos para soldadurc de cables, hace posibie que 1la
unién soldada tenga mayor resistencia mec&nica a la trcccién que el =

cable que normalmente se utiliza, ventaja ésta que conflere segurldod
Cola rsetaticds Conductor a una medida extensométrlcc. '

. S . : i
- Qgﬁﬂﬁ%. Otras ventajas de las bandas de film me-
EXED—

tdlico residen, en que dado su pequefio es.

pesor (4 micros) 'no introducen efroreS-
en la medida de deformaciones de seccio-
nes delgodas y se adaptan mejor sobre -
cualquier superficie (fig. 5).

Dejando al margen las bandas semiconduc-

~toras (de las que nos ocuporemos en otro
copftulo) vemos en lo expuesto, que el -
verdadero sensor de las deformaciones es
el conductor, siendo el soporte un medio .
de transicién con la estructura; por lo
que exige.del pegado @ la misma (bonded
strain gauge) pero, en aplicaciones para
- fabricacién de transductores, suele ‘em-

@
plearse el conductor suelto montado sobre

zaffros clslontes, (fig. 6) que se deforma bajo est{mulos mecénicos, -

Sin necesidad del soporte propiamente dicho (unbonded -~ Straln-gdugeS).

La banda puede ser posteriormente sometida a recubri-
mientos y opciones tales como inclusién de hilos de salida-soldados,

que en determinadas aplicaciones resultan de interés,

2.2 CARACTERISTICAS TECNICAS

22,1 Valor éhmico.
El valor de la resistencia éhmica de una banda viene -

condicionado por motivaciones de tipo eléctrico, y hay razones para

”



que dicho valor sea elevado de una parte o pequefio de otra, por lo

que debe establecerse un compromiso entre las posturas extremas,

‘ Motivos que aconsejan un valor elevado. de resistencias:
1, Sefiales elevadas para debiles deformaciones, en efecto, la sefial
es funcién de la tensién de excitacién, por lo que conviene que ésta
sea elevada, pero para que no circule una corriente excesiva, que -
por efecto -Joule produzca un calentamienté inadecuado, el valor 6hmi

co serd alto.

2 Ev1tar los errores produc1dos por las re51stenc1cs de contacto de
los conmutcdores y lineas de conexlén a los 1nstrumentos, pues sien-
do &stos valores pequefios su influencia serd§ menor cuando mayor sea

la resistencia de la banda,

Motivos que aconsejan vdlores pequefios de resistencias .

1, Evitar la cafda de tensién interna considerando a la banda como

generador de tensién.

2, Conseguir mejor aislamiento eléctrico entre la-banda y la estruc-

tura.

3. Mayor robustez, pues resistencias elevadas obllgon a conductores

de muy pequena seccidn’ y por tanto frégiles.

Por lo expuesto se ha establecido como.valor normal y
de uso més generalizado el de 120 ohmids,,siendo—tcmbién muy emplea-

" dos los 350 (generalmente en transductores) 600 y 1000 ohmios,

Las tolerancias de fabricacién son muy estrechas O 15%
con el fIn de poder equilibrar los circuitos de medida, pero no serIc
prdctico un exceso de dicha tolerancia en lfmites que puedan confun-
dirse con la variacién ;6gicc, que por efecto de montaje, sufrirfa la
banda en su instqlccién. La exactitud de la medida no serd afectada,

por ligeras dispersiones del valor nominal,

También se construyen bandas con valores nominales que
son fracciones de los indicados para los casos en que la medida re-
quiere un circuito con dos, tres & cuatro bandas en serie (se hacen

de 30, y 60 &hmios u otros valores que no suelen ser 'standard).



2.2.2. FACTORES DE SENSIBILIDAD

En el estudio tedricé de las bandas_extensométricés -
(1,2) Qimos que hay dos factores K1 y K2 'que relacionan la variacién
unitoria de resistencio del conductor con la deformacién que sufre -
‘en sentidohlongitudinal y tronsversoi respectivamente por gfecto de
‘las solicitaciones o que esté sometido el elemento donde se instala
le banda, ' '

La variacidn de lo resistencia es motivada por el cam-
bio de la geometrfa del conductor y de la conductividcd; pero si bién
el primer factor afecta précticamente igual a todos los metales, el
segundo es funcién de la aleacidn empleada en la fabricacién del ex-
tens{metro y es poc,esta razén por lo due la forma y dimensiones de

la banda no influyen sobre el factor de sensibilidad.,

Los constructores de bandcs, utilizbn brocesos de fabri-
cacién que mantienen el volor del factor de sent1b111dod dentro de =
unas tolerancias estrechas en una serie, por lo que es importante en
medidas con varios extensfmetros procuror’qué no haya dispersidn en
dichos volores. ) y N

Por rozones de la instrumentacidn asociado a los medidas

extensométriccs, se toma como valor nomincl de la sensibilidad longi-

tudinal de las bandas el de 2 y tolerancias admitidas como muy buenas.

son del % 0O,5%. El factor de sensibilidad traonsversal se expresa en

‘tanto por ciento del longitudinol y no debe sér superior al 1%, S

El fabricante indico el valor de K obtenido en unas con
dlclones determinadas de temperatura y sobre nedidas. efectuadas con
probetas de médulo‘de elasticidad y coeficiente de Poisson conocido,
‘incluyendo curvas (fig. 7) donde se indica la variacién del factor K

respecto a variaciones de temperatura,

Para medir el factor K se utilizan bolanzcs de callbro-
cién bosodas en producir una flex16n circular a una probeta-en la que

se monton bondas correspondlentes a una mlsma serle.




2,2,3. RESPUESTA DE TEMPERATURA

.

Una banda extensométrica mide todas los>deformociones -
que experimente el elemento sobre el que se monta, pero sabemos que'-
las deformaciones producidas por dilataciones térmicas homogéneas no

l crean tensiones, por tanto (fig. 8) si considera

A
%ESE? ' mos una viga empotrada en un extremo sin carga al
@J guna y hay variacién de tqmperoturc,-oquello se

dilatard y habrd una deformacién que acusaré la

i
4. 4 _
%@ E ) banda, pero por no originar tensiones, debe ser

considerada como error,

. . &) El error por variacién de temperatura se corrige,.

g'ﬂg dentro de ciertos lfmites, fabricando el conduc-
tor de la banda con coeficientes térmico de va-
riacién de la resistividad de igual valor y signo
contrario al del coeficiente de dilatacién lfneal

del cuerpo sobre.ea que montan,

En efecto (ﬁ &) -
el "
Rot FO S Re® % (‘ }f) Co A
"@ecoeficiente dilatacién lineal

Lol oién
AR<R,-Re £le Q«Ntﬂof ﬁ’c] 0 P ermico de resistivided

La relcciéntngjﬁ solo es lineal dentro de unos 1lfmites de tempera-
tura pana los cuales se dice que la banda estdvautocompensado, los fa
~bricantes indican la curva de respuesta en tempercturc de las bandas

"expresadas ‘como microdeformaciones aporentes (flg 9)

En la fig. 8a vemos que al dilatarse la vigc, si'la ban
da es autocompensada, no expefimentaré variacién alguna en su resis-
tencia, por el contrario (fig.8b) si la viga esté empotrada en sus ex
tremos, se origihon esfuerzos de compresién cuando dilate Yy la‘bondo
por tener el coeficiente fjl acusar8 un incremento negativo en la -
variacién unitaria de resistencia, acusando precisamente la compresidén
habida, - o | , ; i ' '

Uno banda solo_ puede ser compensada porc materlales que

tengan idéntico coeficiente de dilatacidn. Normalmente se compensan -

para ccerc(Qsﬂ.ﬂOﬂs/°C) y olum1n10(&:aZ§.{O§/°C), ' E

o Veremos en el capftuio de técnicas de Medido, que 1los
efectos de origen térmico pueden.compensarse con disposicibnes de mon

taje adecuados.

-5-
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'2.2.4, LIWITES DE DEFGRMACION: ESTATICA Y DINAKICA

, Le afxime deformacifn que puede soporter um extens fae—
tro baje corga estdtica se expresa en R, de la longitud de su rejilla
e parte activae y depsnde de varies focteres, entre elles:

@) Temperatwura de wtilizecifn. El valor indicedo por el fabricente se
refiere a tumrmmvﬁs ambientes (242C) pero @ temperctures oriegfni-
cas, la deformecifn es Soleo una pequefie fraccidm de dicho valor.

b) Ductivilided de la aleacifn que constituye el conductor sensible.
c) Maleahilidad del Soporte de la bonda y del odhesive.
Q) Feraa y dimensicnes del extensfre tro .,
‘) Colidod del mentaje em la extructuia

Les bondos impresas de trome peliculer, edniten mayoer
deformacidn esttica que los de hilo. -

El fendmano de fotige bajo carges ol terna, presenta oS-
pectos que imfluyen en los medidaos y debem tenerse om curhta pues PUR

den introdutir erreres.

El comtuctor metdlice del extensinetro cunnde Seo momte
Sobre estructures sonetides @ tensiomes altermes, sufre una fatign -
cuye efecto primcipal es producir una derive del valor @mice de la -
banda, por éste motive se emseywn las bondes  sonmetiéndolas @ cicles
dia mlitwd! i &»w? observando cuande la deriva -
del valor Smmico represemta wna defornacidn oparente de Ilm/uﬁ y W=
lor &ste aodmitide como limite {fFig. 10).
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Conn?onenté
N estalica

Si en

una medida dindmica queremos obtener con exactitud

los valores de las componentes estfticas y dindmica (fig. 11) presta-

remos especial atencidn en la eleccién del extensfmetro adecuado y sg

bre todo se cuidaré que las soldaduras de los hilos de conexién de los

et

% Loo<

Qo

ol 02 o3 ah 05

‘instrumentos a la bondd sean puntuoles‘pq-
ra evitar concentracién de esfuerzo en la
banda y que el tamafio de lovmismo sea muy
pequefio, ya que son .los fcétores mds inflg
yentes para evitar llegdr al 1fmite -de fa-
tiga. En un fenémeno vibrotorio la deriva

no tiene gran importancia si lo que intere

iqgia' ‘ Rc&uuon

2.2.5, LIMITE DE LA RESPUESTA EN FRECUENCIA

o sa conocer es solamente la amplitud de la

——

oscilacién,

Una banda extensométrica por tener una longitud finita,

_actua_como un integrador de todas las deformaciones que ocurren a lo

largo de la parte activa, por esta razén si la longitud de onda del

fenémeno vibratorio que se quiere medir c01nc1de con la 1ongltud cctl-

A~y

{}U

Piql2

- -
—

va de la banda (fig. 12) no acusaremos deformacién
alguna pues la mitod_sufriré alargamiento y la -
otra mitad compresidn,

Las deformaciones son fen&&eﬁos que se propagan

a la misma velocidad que‘el sonido, por’tontolcq-
nocido éste Qalor y el de la frecuehcio del fené-
meno, ' la 1ongltud de onda A rnos indica el valor
1fmite en el cual una banda de longitud activa=lg X
no causarfa deformacidn. '

Para evitar 10;0nomclfd anterior se admite como
valor normal de 1lg el 10% de‘A. con lo que

el % de perdida de sensibilidad es précticamente

nulo (fig. 13), 7.



Se fabrican bandas con longitudes octivas de 0,4 mm por:
~ : 3
lo que se pueden medir en aceros (Otsboccn/ws ) frersuencias de {C"Hz

ouhdue la limitacién en éste coso estd en los instrumentos de medida.

Otros factores influyen en la limitacidn de la respues-
ta en frecuencia de las bandas, pues si bien la debil mosa de inercia
de la misma favorece el seguir fielmente un fenémeno dinémico, lc elas
ticidad de adhesivos y soportes debe tenerse en cuenta, aunque Su vo-
loracién es dificil de obtener de forma experimental, debiendo cui-iar-

se la elecciédn de adhesivos en medidas crfticas.

2,2,6., FENOMENOS DE FLUENCIA E HISTERESIS

‘Supongdmos que una probeta sobre la que hay montada uno
banda extensométrica es sometida a esfuerzos de traccidn simple (fig Lq
las deformocionés de 1la prbbeto son entonces transmitidas al conductor
octi:g¢§:§sodhesivd y del sopofte,crecndose unas solicitaciones de cor
- tadura principalmente en los extrémos de

la banda, que deben compensarse con la fuer-

z2a . antagonista que se origina en el co!
ductor activo.,

La calidad del adhesivo y su elasticidad

: e determinarén 1o magnitud de lao relajacién -
del mismo bajo las solicitaciones constontes ‘a que esté sometido y‘pon
~consiguiente que permita al ;onductor\activo un lento retorno g su es-
tado originol. E1l fendmeno descrito es el de fluencia de una banda y
tiene importancia considerable en medidas estdticas, no siendolo tanto

en medidas dindmicas.

Por la propia naturaleza del fen6meno,se véd que la tehpg
ratura juega un papel importante en la fluencia, asf como las dimensio

nes de la bondo; participando en razén inversa al tamafio.

Es préctica muy aconsejable, someter las probetas a car
gas y descargas sucesivas de magnitud lo mayor posible, antes de efec

tuor las medidas.

Ligado al concepto anterior puede considerarse el fenb-
meno de histeresis, el cual ocurre cuando queda una deformacién residual
después de someter a solicitaciones la probeta sobre la que esté ins=

talada la banda; siendo el principal motivo de este fendmeno que el
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transmita al conductor activo.

2.2.7. NIVELES OPTIMOS DE EXCITACION

Lc'seﬁal eléctrica que obtendremos de cualquier circuito
de medida con bandas extensométricas , serd proporcional a la tensién

de excitacién del mismo, lo cual hace presumir el empleo de niveles ele

vados de excitacidn, sin embargo hay razones para limitar dichos nive-~

les,

La corriente eléctrica que circula por el conductor de
una banda excitadag, origina por efecto Joule, una elevacidn de temperaty
ta al disiparse el calor producido, por cuyo motivo pueden aparecer las

perturbaciones siguientes:

a) Alterar el efecto de autocompensac16n, cuya estabilidad es meJor con

niveles bajos de excitacién,

b) Modificacién del estado de tensiones de la estructura bajo ensayo,
al absorber ésta el calor dlSlpOdO por 1la bonda,sobre todo en mcterlo-

les p165t1cos.

d) Derlvos del cero, sobre todo en circuitos con varlos bandos y en las

cuales la disipacién de calor no. seré igual y simultdnea.

Los parémetros de mayor incidencia en la determinccién
del nivel &ptimo de excitaciédn.de una banda son:
l,- Superficie,derlarrejillc,ﬁcuyc'inferncic*cfeéto dl&boder de disi-
pacién de cglor.. i 4 |
2.- Resistencia Shmica de la bande, que limita el paso de corriepte,'
3.~ Coeficiente de conductibilidad térmica de la estructura.
4,~ Tamafio de la probeta o estructura donde se anfo la banda, que de-
termina el poder de absorcién de calor.
5.~ Condiciones ambientales,

6.- Calidad del montaje de la banda, cuidéndose deique no hayan burbu-

jas de aire entre el soporte y la probeta,

En la tabla I se‘indico la potencia bor cm2 que pueden
disipar las bandas segdn los materiales donde estén montadas 'y para
precisiones bajas, elevadas o medias (datos qdrfesic delVishcy-Microme-

sures),



DISIPACION DE
CALOR:

ELEVADA

Excelente. Piezas
grendes de alumi-
nio o de cobre

Buena, Piezas -
grandes de ace-
rol

Media. Piezas pe-
‘quenas de dacero -
inoxidable o tita
.nio.

Mala. Pldsticos,
restnas epoxy.

Muy mala. Polies

tireno, materiales
acrilicos.

v

0,30 & 0,75
0,15 4 0,30

0,08 4 0,15

0,01 4 0,03

0,001 & 0,003

 POTENCIAS RECOMENDADAS EN WATS/CM2

PRECISION REQUERIDA

DINAMECAS

ESTATICAS

MEDIA BAJA ELEVADA - MEDIA . BAJA
0,75 & 1,5 1,56 3 0,75 & 3 1,5 4 3 - 3 & 8
0,30 § 0,75 0,75 6 1,5 0,75 64 1,5 1,5 & 3 3 6 8
0,15 & 0,30 0,30 6 0,75 . 0,30 4 1,5 0,75 & 1,5 1,5 6 3
0,03 & 0,08 0,08 & 0,15 0,08 & 0,15 0,15 § 0,30 . .0,15 & 0,75

0,003 4§ 0,008

;

0,001 4 0,03

0,001 & 0,008

0,003 é 0,015 0,03 & 0,08



Lo tensién de excitacién se deduce a la férmula:

Potencia disipadar !gz= We, en donde
4R
“Ve= Tensiém de excitacién en Voltios

R = Resistencia nominal de la banda

La pofencic por unidad de superficie es

' Siendo S la superficie de la rejilla

, Si solo disponemos de una fuente de alimentacidn con sa
lida fija de tensién y esté es elevada para excitar el circuito de me-
dida se ponen en serie unas resistencias que produzcaon una caida de -
tensién determinadqg, pero sin olvidar efectuar las correcciones adecua-

das pqr'lc perdida de sensibilidad que introducen las mencionadas resis

tencias.



2.3, PRACTICA DE MONTAJE DE BANDAS o o

‘
i

2.3.1.'Pfeparoci6n de superficies

La instalacidn de una banda extensométrica tiene como

fundamento la perfecta unién entre la banda y el cuerpo de ensayo.

Para el extensometristo cada montaje de circuitos de

medxda supondr6 un oumento de su exper1enc1o y uno garontfc de que

su lcbor es sot1sfcctorlc, solo cuando por un exceso de confianza
omite alguna de las operaciones que se indican como preceptivas, el
error cpafece, pero desgrociadoﬁante no se manifiesta inutilizando
la medida, sino dando como ciertos unos resultados falsos, de ah{
que serd criterio firme el observar toda la meticulosidad humanamen
te posible, con la certeza de que, si as{ se hdce, se obtendrd re-

sultados que justificardn el empefio puesto.

» La banda puede eiegirse, dentro de ciertas opciones
que ofrece el fabricante, adaptada a las condiciones de utilizacién,
pero no asf{ la superficie donde deba instalarse, por lo que ésta 4l
tima deberd ser prqporodo por el usuario, asf como la soldadura de

cables que configuran el circuito de medida.

2.5.1. Preparacién de superfic ies

Toda superficie que debe recibir una banda se someterd

"generalmente a unos tratamientos mecénicos y qufmicos para conseguir

el mayor rendimiento del adhesivo, sin que dichos tfctcmientos_pue—
dan suponer una modificacidn local de las caracter{sticas del cuerpo
a ensayar. Dimensionalmente, se trqtcré una superficie doble (como

mfnimo) de la superficie total de la banda.

El proceso prévio serd el de limpieza y desengrosado
para el que se utilizaord preferentemente cloroetileno de colldod pa
ra metales y fredn para plésticos, para ello se dep951to el desen-
grasante sobre la superficie (se facilita esta operacidn si viene en
vasado en Spfay) y sin dejarlo évaporar se. seca con una gasa limpia
y de una sola pasada, repitiendOSe esta operacidn hasta que lc.goso

aparezca totalmente limpia,:

Conviene indicar que siempre que haya que. limpiar o se
car una superficie debe hacerse con una gasa limpio (no necesariamen

te esterilizadﬁ) 0 a veces con papel absorbente tipo Kleenex nara niin



ca con algodones que dejarf{an hebras depositadas. Ademds la limpieza
‘se haré en una sola pasada y jamés utilizando la misma gasa para dos -
pcScdps sucésiVQs, los razones son obvias ya que si la gasa es repa-
sada sobre la superficie, en vez de limpiar por arrastre, por efecto
~de estar impregnada de disolvente, la suciedad o grasa existente se

~disolverfa m&s, entrando en las minusculas oclusiones que existan.

"En montajes sobre metales, fecordemos que al estar cons
tituidos por cristales orientados al azar, un pulido superficial pre-
sentarfa el aspecto de un espejo olvquedor incluidas entretlos cris-
tales las pequeffsimas partfculas arrancadas, por lo que lo ddhesidn
'y cohesidn en estas zonas seric muy dudosa, por tcl_motivo se combina

el tratamiento mecénico por abrasién con un ataque por un écido debil,

El proceso de abrasidn dependerd del estado inicial de
16 superficie comenzando con papeles de carburo de silicio de grano
400, 200 o 150 respectivamente y que previcménte se ha humedecido con
el &cido, atacando en sentidos alternativos y que formen 902 entre -
ellos, con el fin de en cada pasada, eliminar las "crestas" que sobre
el metal se van marcando; la coloroc16n pecu11ar que adquiere la Su-
perficie y lo desaparicidn de las marcas en un sentldo cuando se atg
que a'90%2, indican que esta operacidn estd concluida, debiendose pro-

ceder inmediatamente al secado con gasas. o,

-

Posteriormente y-de inmédiato, la superficie se humede-~

ce con un producto neutralizador (solucién olccl1no detergente) con el
fin de que su pH sea adecuado para recibir el adhesivo.
En resumen haremos lo siguiente:

12 Limpieza grosera, quitar éxidos pinturas, etc, en una superficie

doble que la de la bqndo.

29 Deéengrécho‘obsoluto y secado.

32 Abrasién progresivacombinada con 4cido y secado.
42 Neutralizacién y secado.

Légicomente el proceso anterior es indicado para ciertos metales, pero
siempre habré.que seguir las indicaciones concretas del fabricante o

de la propia experiencia,



‘81 ‘se..trata de. superficies porosas como el caso del hor

migén, habré que ‘impermeabilizar la .zona de. asentamiento de la banda,
' .

consiguiendose buenos resultados dando después de la limpieza, una cg

pa provia;dezadhesivo.; S

vy

En v1dr10 Y p165t1cos ser6 suf1c1ente el empleo de freén

y su 11mpleza con gasas.

““”273}2I“frdid&d“ﬂﬁ“éjé?‘ﬂé;FBT@?EEEYE“”"

__J_;;Eo . f’~ .  Una mala alineacién de los ejes de la banda
‘h——~——€@@- < = .c.ncon la-direccidn en la que deseamos medir
' ~.las defonnaciones,introduce errores que son

- funcién: de la relacién entre las deforma-

ciones méximas y mfnimas, del &ngulo que -
‘forma la direccién en la que se desea medir

'y la difedcién de 1d 'deformacién principal

v—-»»Ez.; N » i
"Et“-‘_““” :W'fﬁdiimd'y del 6hguh{@ o errorde montaje de
?igiS " ‘1a Bandc¢ (fig. 15). '
C6m6 b6r3#aidné$ de montaje so6l0 podémoé‘inflbir sobre
53 tendramos que esforzarnos en consegu1r que este error sea mfnl_

-~ mo, para ello hay que determinar sobre 'la superficie de asentamiento
de lo banda, los ejes de la d1recc16n en que deseamos medir, pero ten
dremos que tener en CUento que no podemos boJo n1ngun pretesto, alte
rar el estcdo de prepcroc16n de lo superf1c1e segun se exp11c6 en el

apartado anterlor.

Algunos montadores utilizan (nefostamente) puntas de
acero de trczar, que al producxr pequeﬁas 1nc151ones en el material,
alteran su extructuro, por tanto, nosotros recomendamos siempre que

sea posible no trazar sino grabar quimicomente 'los citados ejes.

Con los instrumentos adecuados a id“prgcisiSH de 1o‘mg
dida (escuadras, goniémetrés,Vcohpds;trczcdores_6bticos de-pfecisién
etc, etc) Buscoremos unas referencias ortogonales en los lfmites de
la zona que se ha 11mplado procurcndo que no haya contocto de los =~
dtiles con la superf1c1e llmplo, para ev1tar su contom1ncc16n. situg
das las referencias tracemos con un bolfgrcfo de punto fina o con un
lapiz de grafito duro (5 & 6) los ejes completos sobre la superficie

preparada. Posteriormente, un palillo cuyo extremo lleve una bolita



foro preparacka 4o glgoddn (  los utilizados, en Pediatrfa y

, de venta en farmacias son muy adecuados) se

humedece con écido y se pasa sobre los tra-

zos del bolfgrafo o 14piz, secando a continug

i
-/

{5315' | cidn y se repite la operacién pero humedecien

do un nuevo algodoncito con neutralizador; de

— esta forma la superficie mecdnicamente no se
-/ ha modificado y ¢{ veremos que han sido gra-
bados los ejes de referencia, ya que la marca

h’gi? ~ de grafito ha impedido la accién del &cido -

sobre la propia lfnea y a continuacidn el neutralizador ha limpiado el
grafito que se depositd, Este procedimiento tiene una demostrada efi-
cacia por innumerables experiencias y es prdctica su aplicacién en me

tales.

Qtra sdlucién consiste en marcar con 1ldpiz los ejes,Apefo
sin que estas lleguen a cortarse dejando siempre libre la superficie -
del soporte de la banda (fig. 17) perd se ve que conseguir este entra-
fa una pericia grande y no queda exenta de problemcé de contaminacién

de la superficie,

2.3.3. Pegado de extens{metros

El adhesivo utilizado para el pegado de bandas deber§
reunir unas caracterf{sticas adecuadas a su uso y nunca se pecaré por . . .
exceso en las exigencias que en su eleccidn hogcm;s. Tienen.prefereh-
cia todos aquellos que solidifican por polimeriiccién, e5~decirjque
la totalidad de los &tomos que forman los compqnentes (normalmente dos ),
constituyen el $olido final, a diferencia de los pegamentos normo;es

que soiidificcn por evaporacién de un disolvedte.

1 adhesivo tendrd las siguientes carac-

En general un buer

terféticas:

;-

a) Permitir su aplicacién en pellfculas delgadas para no introducir -

)
errores por distaonciamiento de !1a rejilla a la superficie.
/ R

b) Ser neutro a la superficie y al soporte de la banda.

c) Transmitir los esfuerzos a la banda sin fendmehos de fluencia.
d) Técnica de aplicacidn facil. ‘\
:V
e) Utilizacién en un mérgen lo més émplio posible respecto a condicio

nec amhientalac



Ser§ dificil que un solo adhesivo cumpla en grado éptimo
lcs ¢ondiciones anteriores, pero siempre serd fcctlble estcblecer un -

‘compromlso para aplicaciones concretas.

Hoy pegamentos de aplicaciédn sencilla y répida Cuyo uso-
es de 1nterés en piezas grondes y usos generales donde la medida se -
hoga a temperaturas ambientales normales (209 § 6C2C) un ‘ejemplo de -
aplicacién de las mismas se expone gréficamente en la fig. 18, refe-

rente al tipo M=200 de la firma Vishay-Micromesures,

Para aplicaciones que exijan una mejor precisién, como
puede ser el caso de fabricocidn de coptadores, se utilizardn adhesi-
vos que deben someterse a un._tratamiento térmico, operacidn que no de
jo de ser engorrosa. En cualquier caso, el fabricante dar§ normas cla
ras de aplicacién, Para usos de condiciones extremas (10002C) se com=
. prende que los adhesivos se deséompondrfcn,pqrc ello, existen bandas
encapsuladas en una vafna metdlica que son fijadas bor soldadura eléc

-trica por puntos con utensilios adecuados.

, Junto con la banda, es muy. préctico Begar unds soportes
de terminales. impresos que ayudarén o lao soldadura e instalacién del

cableado.



a) la banda y el terminal impreso.

se colocan sobre un cristal total-

mente limpio y con papel transpa- ‘ e N . .
‘rente autoadhesivo, sé cubren y se d) depositar una o dos gotas de
separan del cristal procurando no ~ adhesivo sobre la'superficie de
doblar la banda, o ' : asentamiento.

; " o
ﬁ?t Ezgﬂ;-:\ :
el ) : , -
situa la cinta y banda so- f/w
- el punto de medida, fijondo - {Tlg 557
un extremo y levantando el otro.

e) se va bajando la cinta y con
un dedo se hace ligera presién

de izquierda a derecha y evitan

“c) con el pinééirdélhbcglérdhdh se

- aplica éste sobre el reverso de la

banda y terminal, procurando no =

contaminar la banda con adhesivo de

la cinta. Dejar secar un minuto.

f) una gasa se pasa varias ve-

ces para evitar se former hirb:

jas de aire.

g) a los 10 minutos como mfnimo
se puede retirar el papel trans
parente que oyudé a pegar la ban

da como se. indica,

do tocar directamente el adhesi °



2.3.4. Soldadura de cables

La soldadura .de las bandas d los hilos de unién de los -
- instrumentos de lectura, requieren una especial otenci6n y el monta~
dor necesitaré adquirir cierta expeciencia poFo dominar esta opera-
cién.

En la composicién de las soldaduras se emplean cleccié
nes de plomo con estafio, plaota o ontimonio, que llevan o né incorporg
‘da una resina y segln las proporciones de dichas aleaciones resultan
unas caracterf{sticas determinadas de conductividad eléctrica, compor
tamiento a solicitaciones mecénicas, respuesta en temperatura etc.,
por todo ello noes recomendable el uso de soldaduras comines en aplica
ciones de taller eléctrico o electrdnico. Especial atencién tiene el
conocimiento de la temperatura de fusidn que debe ser lo.més inmedia
ta superior a la que estar§ sometida el circuito de medidq, con el -
fi{n de no teﬁer que aportar méds calor del necesario al efectuar las

soldaduras.

Segin el tipo de soldadura elegido serd conveniente o .
necesario utilizar un fundente, sobre todo para hilos muy delgados,

pero serd totalmente imprescindible limpiar con un decaponte adecug

do los puntos de soldadura con el fin de eliminar los residuos de -~
fundente y resina que podrfan ocasionar corrosiones y fenémenos pard
sitos por efecto "pila" ya que evidentemente quedarfan dos metales y

un electrolito.

El soldador juega un papel muy importante, siendo reco
mendados aquellos d§ temperatura regulable; la punta del mismo nunca .
serd cénica sino que tendrd§ una tdélla en forma de bisel., Para evitar -
que los cables puedan ejercer esfuerzos en la banda que pudiesen dete
riorarla debe utilizarse siempre que sea-posible un terminal impreso
que servird de apoyo al cable (que serd de varios hilos) al que pre-
viamente se le separd un hilito y se estafidé tal y como se indica en

la fig. 19.

Estanar Cortar i ) .
- En general seguiremos el siguiente proceso:

12 Preparar el cable segdn la fig. 19

20 Proteger con papel autoadhesivo debil 1la

bonda, dejando al descubierto solamente

los puntos de soldadura.,

/ ééééé— 32 Depositar unoc gota de soldadura lo més pe

queﬁa‘ﬁésfﬁie‘sin aportar excesivo calor



que podrio desprender la banda del soporte. No debe duror esta operg
cién mds de 2 segundos, si no se consigueh el primer intento, dejor

enfriar y repetir.

42 Presentar el cable ya prebcrcdo y sin aporte de soldaduraq, solamente
manteniendo caliente y muy limpio la punta del.soldador, fijar los ca-

bles a los terminales y'o~lc banda, tal y como se indica en la fig.20.

En la banda conviene que la gota de soldadura sea lo me-
nor posible para evitqr concentracidn de esfuerzos, de ah{ que el pro-
cedimiento explicado favorezca ésta condicidn al ser mds fino el hilo
de unidén del términql a la béndc, a la vez qu s& tonsiduen. dar hdyor
seguridad al montaje, pues un fuerte tirén del cabls romperfa el termi

nal pero no la banda.

Hemos ofrecido unas hormrs generales ya qué el fabrican

te indicard en cada caso las instrucciones concretas.

2.5.5, Comprobaciones

Una vez insralada una banda deberdn efectuarse diversas

comprobaciones siendo preceptivas:

12 Inspeccidn ocular. Debe hacerse con una lup~ de 20 aumentos o mds
para confirmar que se ha situodo correctamente la banda a la vez
que se observard que no han guedado bolsas de aire nif”logunos"

"(zonas sin adhesivos) bajo el soporte de la misma.

22 Comprobacidén del aislamiento. Se utilizar& un megohmetro cuya ten-
sidn no exceda los 50 V, si es de vdlvula mejor y jamds se hard
uso de los medidores de aislamiento de tipo magneto que quemarian

la banda.

El aislamiento deberd ser mejor que 100 megohms, ya que un aisla-
miento menor, equivale a introducir un error, por colocar en para-
lelo con la banda otra resistencia; se puede calcular dicho error,

en efecto, consideremos un aislamieéento de 2 Mohms.

32 Medida del valor Shmico de la banda. Utilizar un instrumento que
aprecie decimas de ohmio como minimo; esta comprobacién tiene dos
objetos;lelApriméro saber que no estd rota ni cortocircuitada la

rejilla y el segundo conocer la dispersidn del vclar nominal, so-



bre todo en circuitos con varias bandas para controlar desequili'-

- brios excesivos.

2;5.6..Protecciones

Desde medldos efectuodcs en loborotorlo, hasta las di-
ff{ciles en los conos de cohetes o cascos de barcos, encontraremos una
serie de condiciones ambientales que juntamente con la duracién de la
medida exigiré&n proteger un elemento delicado con es la banda exten-

sométr1ca de forma adecuada.

Las bohdos. de por sf, son pre;entodos bojo}opcionés que
aportan una determinada proteccidn, as{ las hay encapsuladas sobre dos
léminas, una inferior que constituye el soporte y otra superior de la
misma naturaleza y que deja~libré s0lo los terminales para la soldadu-
ra de éobles, ésta proteccidn evita la proyecciédn del estafio en la sol-

dadura y mejora enormemente el aislamiento. Otras opciones llevan unos

hilos soldados, por lo que el soporte superior cubre totalmente a la

banda (fig.421).

En general la proteccién la consideramos ba.

jo el aspecto de aislamiento eléctrico y de
fortaleza mecénica y previamente a la insta

lacién de la banda tendremos que conocerla,

para preparar la suberfi;ie,odecucdomenté o
antes del pegado de la misma

. Los criterios que debemos tener en cuenta
yigZZ{ , © para elegir los productos de proteccién es

tarén basados en:

a) Temperaturas extremas durante la medida, p.e. Probeta en laborato=-
rio 229C # 3°C; estructura expuesta al sol 0-602C estructura de un
avién en vuelo -5092C + 120¢9C,.

b) Duracién de las medidos;'p.e. 1 hora en laboratorio; 1 afio en un

punto sumergido del casoco de un buque,

c) Ambiente, p,e, aire seco, aire humedo, agua, aceite, chorro de

aguo, gases corrosivos, hidrocarburos,

No debemos olvidar antes de la aplicacidn de los protec
tores, cercionarnos de que no hay restos de adhesivo alrededor de la

zona a proteger, que se 1impi6 bien la resina fundente de las solda-



protector se adhiera, que no hay humedad, etc. en una palabra, no des-.
deRar ningdn esfuerzo que posteriormente pueda inutilizar varias horas

de laboriosos trabajos.

Una préctica muy aconsejable; siempre que sea posible,
serd. 10 de conectar provisionalmente el instrumento‘de lectura al cir-
cuito antes de protegerlo y sometiendo aquel a alguna solicitacidn,

observar que el funcionamiento es 1légico.

Por dltimo, no olvidar tomar datos de posicién, fotos,
numeracién de cobles, esquemas etc. antes de la proteccidn, ya que pos
teriormente serfa imposible, al quedar el circuito.tapado por los pro

tectores,

Lo aplicacién del protector la haremos siguiendo siempre
las indicaciones del fabricante pero como orientacién tendremos presen
te: '

12 Extender bién el producto sobre la superficie limpia y si hay que
dar varias capas, que la u1t1mc cubra por completo a las onterxores.
Algunos productos vienen acompafados de un componente previo, que debe
aplicarse sobre la superficie con pincel y dejar secar perfectamente
pafa luego aplicar el protector y conseguir asf_la mejor adhesién., Vi-

jilar que no queden bolsas de aire.

29 Cuidar que el espesor del protector sea el. cdecuado, muchos protec—

tpores son blandos y fbécilmente las bolitas puntuales de los soldaduras,

1
{

pueden atravesar el protector con pequeﬁos pr951ones, originando contoc
tos de masa indeseados,

32 Proteccién del extremo de los cables de unidn a instrumentos, pues
de nada sirve esmerarse en la banda si dejamos opcidén a que por la vai-

na de los cables queden huecos por donde se perderfa la proteccidn.

La fig. 22 indica un acabado tipo de proteccién. ~ .CABLE '

7 3 ; g 9 %;J:¢ 
\ ’ \\\\ ESTRUCTURA N\ \

BANDA ' . ’ * TERMINAL . figSHZ



2.,6.1., Indicadores gp_prppoépcﬁﬁp de fisuras \

Dos son los motivos que puedeh hacep ~ecesario el uso

de estos: sensores: detectar la aparicidn de una fisuro o determinar =~ K
. . 1

la velocidad de propagacién de la mismo, er ambos casos, si bien el

sensor seré el mismo, variardn los instpumentos de lectura,

.
+

CPCO3

n3

Estos indicadores estén formados por una

serie de hilos en paralelo (fig. 23) mon
tados en un soporte similar al de 3@s ex
tensfmetro§, que se pega en el bun*o.dog
de se_producir6 la fisura, y que cuando
aparezca, romperd un determinado ndmero -
de conductores, deduciéndose la longifud
de la fisura por medida de la resistencia
con un ohmetro; si por el contrario el mo
mento de aparicién de la fisura es regis
trado de forma contfnua por un oscilégra-
fo, deduciremos la velgcidcd con que se

propaga (fig: 24),

La aleacibén de la que estén constituidos es suficiente

para soportar deformaciones suberiores'a + ZOOO/ué méds de 108 ciclos

'
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y son montados con técnicas similares a - --

las utilizadas en los extensf{metros.,

Los efectos de temperatura tienen poca in

fluencia,

2.6.2. Indicadores de fatiga

Al contrario qu las bandas extensométri
cas, que miden deformaciones por variacio
nes instontdneas de su resistencia, los
indicadores de fatiga (S/N) guardan "en
memoria" todas los deformaciones experi-
mentadas después de su instoiociGn. La
memoria aludida viene representada por - -
una modi ficacidn permanente del valor no

minal de.su resistencia, que es funcién

de la omplitud de las deformaciones y de

la frecuencia con que se producen,



Las leyes de WBhler nos dicen que:

12 En una pieza sometida a cargas alternas, la carga de rotura dismi-

nuye .

22 E1 ndmero de alternancias que hay que producir para la rotura es

tanto menor, cuanto mayor"es la amplitud de las mismas.

32 Existe un valor de deformacidn méximo para el cual no se produce

rotura sea cial sea el nimero de ciclos con que se aplique,

‘En la fig. 25 sé,expresa gréficamente lo expuesto.

Estudzos realizados por Miner, permiten afirmar que el "~

porcentaje de vida de una pieza sometida a tensiones variables, es el

mismo si aumentando la amplitud de las tensiones disminuimos su fre-

Ace ro

TENSIONES

C!CLOS

11425

tig26 M

N

cuencia o viceversa, siguiendo 1la
proporcién obtenida segin los cri-

terios de Wsheler.

En la fig. 26 vemos qué el tanto
por ciento de envejecimiento de una

pieza es el mismo sometido a la ten

sién O y C;, ciclos que si se -

somete a la tensién Ty y C, ci-

clps.

Se considera que las tensiones apli
cadas escilan entre un valor &
méximo y un mfnimo O, si asf no -
fuese, logicamente habr§ que consi-
derar los efectos de una cbmponente

cont fnua més la carga variable.

Si bién en su aspecto los indicado-~
res de fatiga (fig. 27) son semejan
tes a las bandas extensométricas,

la constitucién de su elemento sen-

sible es bién distinta, ya que la aleaocién de la rejilla persigue'au-%

mentar al méximo el efecto que en los extens{metros se trataba de eli

minar; en efecto recordemos (2.2.4.) que en las bandcs'se=establece*-

como 1fmite deformaciones dindmicas, ‘aquel que produce una deriva de -

., 1,



1ooﬂJ& , equivalerite a un incre-

mento de 0,024 ohms en una banda de

120 ohms, ﬁientrqs que ahora preten

L} ‘ demos que estos valores sean del -
E; orden de 7 a 1C ohm. Se constitu-

yen en aleaciédn de cons‘tontan con

valor nominal de 100 ohm.

a.

La variaci8n de la resistencia del

g - . . .

b indicador de fatigas es producida
= por una distorsién de su red cris-
L ]

. talina y por la aparicién de micro

fisuras de la aleacidn de que se
4532? compone Su reji%la y ho podido“de-
: mostrarse experimentalmente que en
. A algunos metoles, empleados en cons-
trucciédn normalmente, se produce el mismo fendmeno; de anf{ que estos
sensores cuando son montados sobre piezas mecdnicos puedan indicar con
gran fidelidad el estado de envejecimiento de los materiales midiendo

la desviacién del valor nominal de.lo resistencia del sensor,

_ Si el envejecimiento de la aleacién del sensor es dis-
tinto del mater ial sobre el que se monta, la concordoncic;ontefior se
piefde y los_resuliodos'no tendré&n valor alguno, ya que si, por ejemplo _
la deformacién méxima copdz de desvior el valor de la resistencia del
sensor, (32 ley de WShler) es superior a la deformacidn que pfodgcir&
lo rotura de la pieza de ensayo, el indicador de fatiga joméé ccusorfdl
desviacién de su resistencia; para evitarlo se fabrican sensores mu}— 
tiplicadores los cucleé por diversos procedimientos de fabricacién se
consiguen adaptar lo respuesta del sensor a los materiales én que se

mont c_ﬁ 11gl8a)

La fig., 28 dé Jbm respuesta de 16s sensores FWA de -

Vishay-Micromesures.

A {1928@



Varigcidn de resistencia

_Ng' de ciclos
'?1928

Los indicadores de fatiga son verdaderos integradores de

los efectos producidos por cargas alternas, sea cual sea su amplitud
asf puds, si despuéds de 10.000 ciclos de +‘2000/u6» producen una des-
viacién de lo resistencia de 1,9 ohm y 100 ciclos de $ 3000/u6 O, 8ohm,

la indicacidén final seré de 2,7 ohm,

Al montaje de eétos indicadores habrd que tener en cuenta

que su eje sensxble coincida con el eJe de esfuerzo principal méximo,
determlnado prev1amente por cuolqu1er procedlmlento (extensométrlco,

fotoelastxcxdad, etc). o o

2.6.3. Sensdreslﬁe temperatura

Siguiendo el mismo procedimiento de fabricacién de las
bandas extensométricas, pero haciendo que la aleaciédn de 1la rejilic ¢
sea de niquel, se obtienen sensores cuya variacién de resistencia es
altamente sensible a las variaciones de temperatura siendo este fené
meno muy estable y repetitivo, de ahf que se utilice profusamente en
la medida de temperoturos por contacto y utilizando las mismas técni-
cas de instalacién que las expuestas para extensfmstros. La curva

"DR-1° (fig. 29), tiene una pendiente considerable por lo que se obtie=
nen sefiales de alto nivel, pudiendose medlr con gran precisidén, exac-
titud y poder de resoluc16n, temperaturas comprendldos entre -300 y.

+ 500¢F,

-24-
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-200 '(m o {po 200

300°C

jkaneﬁutuna.

31'3 29

Generalmsnte son fobricados para qué

a la temperatura ambiente (23,9¢C su «

resistencia nominal sea de 50 ohm y

conociendo la curva -, poder cono

‘cer,lo temperotura midiendo por cual-

quier ‘procedimiento las desviaciones

de la resistencia,

Estos sensores a diferencia de los -
termopares que generan una f.,e.m, son

pasivos, necesitando de una fuente de

alimentacién, por eso (fig. 30) si es

excitado con una fuente de intensidad
constante 1mA) la. lectura directa de

un m111voltfmetro nos valdrfa para co

nocer los A R dlrectamente, no obstonte como la respuesta no es 11neal

siempre tendrfcmos que tener toblas o curvas de respuesta para conocer

el verdadero valdr de la temperatura en 2C 8 2F, El1 inconveniente an-

tmA,
b3l
R.500 R
i i
239°C - T my |

L

£f$3o

terior ha sido subscnado introduciendo
circuitos linealizadores en los cuales,
si bién se pierde sensibilidad, la res
puesto es lineal, por lo que los ins-
trumentos de lectura pueden ir tuara- j

dos directamente en escalas termométri

cas,

Con el fin de utilizar para la medida

- de temperaturas los mismos instruymentos

que para medir deformaciones, los cir- ~

cuitos linealizadores se calculan de

tal forma que el sensor constituye -

‘una rama de un puente de Whearstone -

(fig. 31), de tal forma, que al leer un némero entero de microdeforma-

ciones equ1valgo a la variacién de lgrcdo centfgrodo o Farenheit, Nor

malmente se fabrlcon redes para:

46/~‘o > 1°C < I°F

| /ioo).B e 1°C SHF

*
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La aleacién de niquel, muy sensi-
o ble a ios voriociones de tempera-
Scnnri:. turo[-obligo a utilizar fuentes de
alimentacidn de baja d.d.p. ya que
al circular corriente por el sen-
sor el calor generado por efecto

Joule introduce pequefios errores.

" Por otra parte, si el punto de me

Cicoto | _ : g A
: X : ida est8 sometido a deformacinnes
Unealizacor | e uadvesin— d :
' ' estas las acusard el sensor, pero
J . dado su insensibilidad a este fend
| 7
|

meno no tendrén gran 1nf1uenc1a en -

la exactitud de la medida, de to-

sensores las curvas de c-o.r.rec'_ci&n

por este motivo.,

La longitud de los cables puede ser origen de errores -

por perdida de sensibilidad, pero se compensan estos efectos modifican

do el factor K de sensibilidad en el instrumento de lectura (esto se

estudia en el pr6ximo'¢apftulo).

-Para medida de muy bajas temperaturas (criogenia) se uti

lizon sensores (fig., 32) que llevan dos rejillas en serie en aleacio-

nes de,mnnqqminq nikel fon Jo que se consigue llneollzar circuitos

desde -4009F

ratura no habrd jamés de olvidar

bles protectoreé, etc, cuyo 1fmite

de utilizacidn en temperatura sea

superior o la que se desea medir,

2.6.,4, Bandas semicondqctores

TOP
ENCAPSUL A"'!ON

T LAYER Todos los cuerpos tienen, mds o me

MAIN WIRING  TER variaciones en el valor de su re-

. .: - TFRMINALS —,.."
515t1v1000 CUonco son sometidos o tensiones mecdnlcas, pero en los Se

mlconductores este efecto es mucho més notcble y se aprovecha por tan

to, como elemento transductor para la medida de deformaciones, El fend

das formas el fabricante da con los

En el montaje de sensores de tempe:

utilizar adhesivos soldaduras, ca-’

nos acusadae, la propiedad de 5u$rir



meno expuesto de la piezaresistividcd, no debe ser confundido con el .’/
de la piszoelectricidad, que presentan los cristales de cuarzo y otros,
de crear cargas eléctricas entre sus caras-cdandb son deformados, cons
tituyendo elementos activos, mientras a los que aquf nos referimos son
elemantos pasivos, esto se necesitarén una aportacidn de energfa ester

na (alimentacién) para conocer sus variaciones de resistencia, o

J " En un semiconducgor la resistividad tieqe por valor
P:EXH; ‘donde N representa @l nimero de portodores de cargas eléctricas,
v su velocidad media y e, es la carga del electr6n.Lo_voriaci6n de F
al oblicar cargas al semiconductor dependerd de la concentracién espec{
fica de portadores y de la orientacidn cristologrdfica respecto a las
cargas aplicadas; si aplicamos cargas de traccién o compresidn el combio

relativo de resistividad se expresa por:

—‘?P?-:Fe"f

1lamandose o)h coeficiente de resistividad longitudinal.

Recordemos que un semiconductor es un cristal de silicio
o germanio (4 electrones de vciencio) al que se le affaden impurezas ti
“po N [arsenico, 5 electrones de valencia) o Tipo P (galio, 3 eléctrones
de valencia) y dependiendo de la proporcién de los agentes contaminan-
- tes, podrdén obtenerse infinidad de elementos de muy variadas caracterfgl

ticas.

El factor de sensibilidod en los extensfmetros de film
metdlico, hemos visto que tiene de valor 2, pero si empleamos bandas
‘cuyo elemento sensible sea un semiconductor, se pueden obtenerse voiofes
de entre 50 y 200 y dado que dimensibnclmenfe pueden fabricarse iguales

se establecen las ventajas de:

12  Obtener niveles de sefal elevados que pueden evitar una posterior

amplificacidn.

29 'Mejorar la relacién sefial-ruido; sin ehbargo su precio es mucho
més elevado y su sensibilidod a la temperatura mucho mds acusada
que en las bcndcs convencionales, lo que'hace'que Su uso quede 1i
mitado a la medida de muy pequefios valoreé‘de'deformaciones y a la

fabricacién de captadores.

"E1 factor de sensibilidad es defipida por:
: . = L:A.L?M+KDE

21



_siendo E&= Mddulo de elcst1c1dad. /un Coeficiente de Poisson yt1£ =coe~

f1czente de resistividad longitudinal del semiconductor.

El térmxnot{tE es el equivalente &l que por lo constan-
te de Br;dgmon se introduce en los bandas metéllcos. con la salvedad

de que &s bastante mds e levado.

La influencia de la temperatura en una banda-semiconduc-
tora esté intimamente ligada al ndmero de &tomos de impurezas que llg
ve, as{ para 10209 otomos/cm3 el factor Ksc es constonte précticamen

te o las variaciones de tempercturo.

© Kee = = Co nst%\'ﬁ

Si la proporcidn deiimpyrQZQ§ es del orden de*lO7JdtbmcS/¢m3 el factor

- de banda se verd afectodo en la forma:

To 2
Kee= = Ksc (e) * C (\J.‘:f—) €

donde Tw Temperatura absoluto.kkc@)n Foctor de sensibilidad a la tempe

ratura To; = Constante y £ =deformac16n.

‘~

Los diferentes niveles de c0ht§minacién-de los cristales
de silicio se denominan por las iefras, K, L, C, D, E, F, Gy H y de-
terminan .las coracteéfsticos piezoresistivas del sémiconductor. La re- =
sistividad segin tipos, oscila entre 0,001 ohm/cm y lohm/cm, la fig.33,

resume la respuesta de las distintas clases,

Para compensar los efectos de variacién de temperatura,
se emplea un circuito con banda compensadora (ver tema 3)>o bién el fa
bricante adapta el semiconductor para que dentro de ciertos l1imites de

utilizacién y para determinadés materiales, variaciones de temperatura

no produgcan deformaciones aparentes,

. _{._L_iléaf En gensral las técnicas de pega

" )45,,,f - do, proteécidn, etc, serén idén
v // | -

o /
st

ticas a las de los extens{metros

met&licos. ARadiremos por dltimo

que los monocristales de silicio
son perfectamente eldsticos, lo

que hace que el fenémend de his

teresis y .fluencia quede prdcti-

. camente reducido al que introdu



L1 el cunestiv.

2.6.,5, Bandas para muy altas présiones y temperaturas

Las necesidades surgidas en,lﬁ invesfigocidn de programas
'aeroespociales de armamento, lineas submarinas, grdndes obras de inge-
nierfa civil, etc, donde es necesario medir -deformaciones en cond%c1cf
nes ambientales francamente adversas, ha motivado el desarrollo de ban
dos especiales que pueden trabajarm bajo elevad{simas presiones y tempe

raturas, con excelente exacti tud,

- A tftulo anecdético sefialaremos, que gracias a estas ban
das especiales, se han podido medir deformaciones en el cono del fuse-
laje del ovidn'cohéte americano X-=15, La tecnolpgfc que se expone ==

corresponde a la desarrollada por la firme Microdot Inc.

El principio en que se basan es el cldsico por elbcucl
‘la resistencic de un conductor eléctrico varfoc si se somete a tensio-
- nes mecénicas, sin embargo, respecto a las bandas convencionales, se
diferencian en que carecen de soporte y su parfe activa la constituye
un conductor en forma de U introducido en una cdpsulc'metdlico'de la
que estd aislado por polvo o presién de &xido de manganeso (fig. 34).
Se efectua su fijacién al punto de medicién soldando por puntos ia'bg

| se metdlica del sensor. En la cons-

. truccién del filamento se.utilizan
Flaments Nu-Cr

aleaciones de Niquel-Cromo para me

e e e e " didas hosta temperaturas de 350°C
= ——— =— y Platino-Tungsteno hasta 650¢C,

\ Polvo de Mq0 Los hilos terminales para unién de
X §§ . los cables a los instrumentos de‘-
— = . lectura los constituyen los extre-

mos del propio filamento’'y asf se

Soporte de Ac inex consigue una resistenéia mefanica

.- . . "elevada; esta forma de termihcles

?18 34 : se realiza actuando por erosién -

qufmica sobre el hilo constitutivo del sensor de un diémetro igual al
del terminal hasta que la parte activa quede al didmetro inferior ade-

“cuado,

Las aleaciones Cr-Ni del filamento se someten a tratomien

tos térmicos, para que la variacién de resistencia debida al coeficien



‘te térmico de resistividad, sea de la misma magnitud y signo contrario
,que la originada por dilatacién térmica, con lo que se consigue una =
autocompensacién en un rango de utilizacién que especifica el fabrican

te.

Si la aleacién es de Pl-W, un tratamiento térmico de 1la
mi;mq, no ofrecerd una garantia de conseguir una buena compensacién';
del efecto de temperatura, por estar disefiados para trabajar a elevo-
das temperaturas, por tal motivo, se ufilizan bandas con coeficiente
de sensibilidad o las deformaciones nulo y que se montan en la rama
adyacente a la que se monta la banda activa en un circuito de puente
Wheatstone (fig. 35); se observa que al construir la banda compensa-
dora crrollaqa en espiral, la sensibilidad a la deformacién mecénica
es qul@, y ademds- se puede fabricar dentro de la misma c&psula de la

Vbéndo activa; las ventajas que se derivcn‘son\enormes, pues se reduce

—

el tiempo de montaje y se consigue

= :j‘f5\xxuamii\\\\\\&3 ng: ademés que los gradientes térmicos

AllnC1dcn con el mismo valor en ambas ’

bandas,

LY

et R A .. o
S U YA VA VAT OISR R Un pequefio inconveniente de la alea

e ‘ —3 cidn Pl-W se debe a las diferencias
R que pueden haber entre el coeficien
ST T e térmi istividad f
Act oL te rmico de resistividad y efec-
- i to de dilatacién del material de
' Senal P i
(—f - ——0¢ o— “"ensayo, por eso s& monto en serie
, una resistencia Rtc, gue compensan
Cbmpmuua o esos errores, Siempre el fabrican-
f{§35 . te incluye los especificaciones de

cada tipo.

~La preparacién de superficies para montaje, no necesita

de la meticulosidad de las bandas clasicas,
El1 &xido. de mangoneso es introducido, con suficiente -~

compactidad, paro que pueda transmitir las deformaciones de lc-eXtrug

’ tura al filamento,
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CIRCUITOS DE MEDIDA
TEMA I1I '

3.1. Teorfa del Puente Wheatstone

Lovfig. 1 representa el esquema de

. un circuito en puente de WHeotstone
que es el mds universalmente utiliza
do para medidas extensométricas. Las
bondqs’extensométricos podrdn ocupar
uno, dos o los cuatro brazos del puen
te, denomindndose entonces circuitos
de 1/4, 1/2, 1/1, de puente’respécti

vamente.

Se llaman ramas activas las ocupadas

por bandas que se deforman porfwﬁki—

gg i : ’ 01toc1ones mecénlcas y ramas pO ‘as
18 ______ e
_ o wwoquellcS“que ho 1nterv1enen en 10 me-
‘ dida. _
La d.d.p. Vs en la diagonal de G tiene por valor - ‘ tj
- T . 1\
SR VR . (A L U P
Vs= Ve (, Gty T3¢y ) S == - - == =

para pequefias variaciones de ﬂ,rt, S%ru pode—

mos derivar la BJ entonces: :
AV = Ve [Aﬂ (fwG)-n (AHAE\ At (ryery)-r (A +An) .
* (nem)> ‘ (F:yfru)"

:V‘{ nh ‘(An i é‘l\)_ T (Aru _Ag )]
' (T’.*&)" r) F-L (r3+ﬂ. )‘L ru rs

St el circvito esld equlubrcdo A -g'i

M s
Avs: v[ﬂﬁ- (AL-AB_)-.%,,_, (_é_rg__zs_:s,
(ram)t\ N Y (“&_Y oy \3)
- rs X .
] in At An An AR |
oufpy ()] 0

St ".:\";; Wl

AV, \/e(Ar-_AE éﬁ_&\‘_ AR o 3]




de donde se deduce que la portacién a lo d, d.p. de salida V, de dos
ramas adyacentes que experirénton un Ar del mismo signc, tiene senti-
dos opuestos, propiedad importantfsima que por algunos cutores es deng
minado"ley de signos". ‘ ' . ' ‘
Si la expresuSnA'-: %E A ars ,
Ar ' Ven, AR
n-—= la [3] queda VS T [L—Q---[Ba] en la que el -

foctor de puente "p" incluird la aportaciédn a la sefial de salida de

la transformamos en ctra de forma

todas y cada una de las ramas, siendo

ne Zi%,\'»ncn e N - NI T N @*a‘k
Los subfndices indican la p051c1on
relativa de las bandas del puente,
A respecto a un sentido arbitrario y
(:F)TNAY R, | '7;;V‘Ar C”) ‘ a cada rama le asignaremos tres coe
o RN ficientes a, b,c, cuyo significado
es el siguiente:

El coeficiente a es indicativo de si

a“;h,‘l'q' a&,"s la rama es GCtlYO o pasiva, por lo que
(—ﬂ N tiene de valor:
L\-—— v -—.———_7 4 6‘) . .
/ = ’ a= 1 para ramas activas
° _ a= O para ramas pasivas
?1@2 | P P

El coeficiente b indicard si una rama activa del puente sufre deformg

ciones por esfuerzos de traccidn o de compresiédn, por tanto:

b= +1 si Ar>0 (traccién)
b= -1 si Ar<0 (compresién)

Si las ramas activas del puente no sufren deformaciones absolutas

simultdneamente i uales, referiremos la deformaciédn de cada rama al
Lo < . ' ..

valor méximo de ~ 'y Siendo esto expresado por el coeficiente c,

que por tanto tendrd un valor comprendido
1>¢c >0

Por todo lo anterior, si consideramos el caso de la fig. 2 tendremos

que:

9= a3= 03 = a, =1 por ser todas las ramas activas

by= by=+41 por corresponder a esfuerzos de traccidn
bo= b4= -1 por corresponder a esfuerzos de compresidén
C1= C,= C3= C4= 1 por ser %§ un valor absoluto el mismo en

las cuatro ramas del puente,

por lo que:

' l ' AP
Y B B U B S B T RO R B R R B & N Iy I Vs=¥gﬂ —Afg e

U £
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cons1aeéremos particularmente el caso del circuito de 1/4 de puente

E(fig. 3q) 'en el se.cumple:
- reld e _i__ Ar e 63
‘ AVs=Ve 2r+Ar '9.\) L{(R+O,SAQ) ['

expresidn que indica la no existencia de
proporcionalidad lineal entre la sefial de
salida y la deformacién; solamente cuando
édsta sea muy pequefia, se podrfc despreciar
el termino O;5AR del denominador y quedar
ve [ ’ V~~.V£-_.__AQ__—-—-——-—[7»]
15%3(1 $= L R Q,

En el circuiro de 1/2 de puente (fig. 3b):-tenemos que:

p= aibjc; = azbzcé
a)= dp = 1 .

bl= 1

b2= -1

Ve

fig3b . YepdR. Ve Ac . __[78)]
que es un circuito lineal 4 2

~

3.1.1. Principios b&sicos en medidas extensométricas

Hemos visto como baséndonos en el puente de Wheatstone, podemos -~

transformar las variociones que la resistencia queun extensimetro

experimenta cuando se deformay,. en una variacién de diferencia de

Apotenciol eléctrico; pero en la materializacidn de las medidas debe

remos tener muy en cuanta ciertosprincipios con el fin de no cometer

errores,

En primer lugar consideremos la fig. 4, en la due-se representan dos-
circuitos de medida en 1/4 de puente que

.. - -y R, Re . ]
: A i son conmutadas al instrumento de lectura

a través. del conmutador C; si la resis<
i tencia dé los contactos no es constonté,
‘ cada yéz que conmutemos, a la variacién
e [ propia de la reéistencio de 16 bnndo,aﬁg
Tastromeznlo J diremos la variacidn dg la resistencia
de contacto del conmutador, que introduce
go L' un error en la medida,lo que nos dice -
13 4 que dentro del circuito del. puente a,‘b,
c.dno deben producirse mds variaciones

de resistencia que las producidas por las bandas. -o.



Si existiesenotros conmutadores Cs y 03 que cqtucsen en
el circuito externo del puente, no se introducirfan errores, adn cuan
do las' resistencias de con{ccto fluctuasen entre una y otra actuacién,
pues en realidad buscamos la condiéién de equilibfiq.del puente que no

se ve afectada por dichas variaciones,

Por tanto en toda medida extensohétrico se cuidard rigu-
rosamente, no perturbar las ramas del puente por cambio de cables, con
tactos defectuosos, resistencias de conmutadores (serdn de excelente
calidad) etc. etc. sin embargo pequéﬁcs perturbaciones en las diagona

les no tendrén influencia.

~ Otrao cdndiﬁién-bésicc serd la garantia de un perfecto
aislamiento del circuito de medida, # ya que defectos del aislamiento
(fig. S)lsuponen; bien la puesta en cortocircuito de cierta longitud
activa de 1la bandd, o bien el acoplaomiento en paralelo de unao resis-
tencia de elevado valor, y en cualquiera de los casos la medida serfa

errénea.

3.1.2, Compensdcién del efecto de variag

cidn de temperatura.

Los materiales sobre los que se montan

las baondas sufren deformaciones por -

efecto de los variaciones de temperatu-

.L ra (tema 2 apartado 2.2.3) que no crear
&ﬂ = tensiones y que por lo tanto son ori-
gen de errores} si la banda es autocom .

Activa { : ) pensada, -se vid que, dentro de ciertos

1fimites de temperatura, estos errores

son despreciables, no obstante, si el
‘ circuito de medida es un puente de -~
r _ Wheatstone, podremos corregir los erro
it 1@5 " res por variacién devtemperctﬁrc en -
—

cualquier rango utilizando una banda

Adiva Compensadora ¥i365 *pasiva o de compensacidén,

En la fig. &%10 banda montada sobre pEobetc sufrird de-

.formaciones cuando hayan variaciones de temperatura, pero si (fig.6b)
sobre un trocito de material idéntico al de lo'probefo montamos una. -
banda compedscdoro; haciendo que en el puente de Wheatstone ocupe una
rama cdyocen{e respecto a la activa, ocurrird& que por variaciones de

temperatura, las dos, activa y compensadora, se deformardn en la misma



. _magnitud, pero 'su aportacidn a la sefaql de salida es nula por la ley

de los signos y por tanto el circuite de medida solo serd sensible a

las solicitaciones que sufra'la probeta o elemento de ensayo.

Este método.preSentc el inconveniente de necesitar dos

bandas, pero tiene la gran ventoja de compensar los efectos de varia-

cidén de temperatura en toda la guma de utilizacién de las bandas, Por

otra parté en mediciones de varios puntos, puede emplearse una compen

sadora comfn en la mayorfc de los casos; as{ mismo, se podrd buscor: =

lo disposicién adecuada en ciertas medidas que necesitan dos o cuatro

bandas activas, bcrc que los efectos de temperatura queden compensa=

dos (Se veré con detalle en el opartado 3.1.6).

3.1.3. Configurcciéh'del;coblecdo'en diversos montajes

Sea_cuglauiera el instrumento de medida utilizado, las

r

t D
P
'.$|

bt

bandas se montan de forma que -~
constituyen 1,2 o las 4 ramas de
un circuito de;puente de Wheatsto
ne,,incluyéndose dentro del ins-
trumento las resistencias que -
completen el puente segdn'lc con-
figuracién. Estudiaremos la dis-
posicién de los hilos de unidn -
del circuito de medida a los ins-
trumentos segldn las diversas con-

figuraciones.

12 Circuito de 1/4 de puente!

En el caso de medidas en las que
se pueda considerar la temperatu-
ra constante, el mohtoje de 2 hi~-
los de 1la fig. 7 se puede utilisz
sin mds limitaciones que los erro
res de linealidad, pero si la -
temperatura varfa, adn dentro de
los 1fmites de autocompensacién,
(si la banda estd autocompensada)
nunca podremos corregir las per-

turbaciones que se originen en -

‘1os hilos de unidn, 'ya que éstos



no pueaen qutocompensarse; por ésta razdn se adapta el montaje de 3

hilos (fig. 7b) en .los que se consigue una simetrfa del circuito res

pecté a dos ramas adyacentes y por la ley de signos, quedan compensa

das las perturbaciones en la lfnea.

En la fig. 7c se resume lo expuesto, viendose que el tras

lado del vertice A influye en que los conductores a y b actugn en una

sola rama (2 hilos). El conductor ¢ por actuar en la diagonal del =

puéhte no influye (3.1.1.) en 1la medida,

\

En medidcs'de gran responsabilidad, se puede utilizar -

el circuito de 4 hilos (fig. 7d); se hardn dos medidas, conectando al

ternativamente los hilos segin el esquema y obteniendo la media arit-

mética de las dos lecturas. En realidad se han efectuado dos medidas

con montaje de 3 hilos para eliminar posibles asimetrias del circuito

22 Circuito de medio puente.-

El

circuito de 1/2 puente es el que se ha indicado para

la compensacién de los efectos de temperatura, En general se utiliza

~ cuando se quieren eliminar, efectos que actuen ramas adyacentes del

puente (fig. 8). Por su simetrfa, las perturbaciones en la lfnea quedan

compensadas,

4 A P-350
| v?'D—-@. ';". l ;
a1 T 7
S : | | £‘1’g 8

. 32 Circuito de puente completo (1/1)

i

P
‘D
Pa Kj"
52.

St
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B —

1
‘T(rrr)
J

Si utilizamos las 4 ramas como activas, ob-
tendremos la configuracién de la fig., 9, en
la cual por ser un circuito simétriqo se =

compensan los efectos pardsitos QUe pertuf—

ban por igual a la l{nea.

3.1.4, Perdida de sensibilidad en las 1{-

neas de ‘transmisidén’

Los hilos de unién del circuito de medida

extensométrico a los instrumentos}de lectu-
ras, cﬁaden‘resistencias en serie a la ban-
da, que afectan al valor del factor de ban-

da K y suponen una perdida de sensibilidad.



Rg. Valor &hmico nominal de

la banda,

Rl= Valor &hmico de la 1l{-

nea de transmisidén.

'ARg..Voriocidn del valor

dhmico de la banda.

€ Alargamiento ‘unitario

K. Fcctqr de banda aislada

Kv Factor de banda reaql

fig o

~en efecto, por definicién, el valor del =

factor de banda tedrico K vale (fig, 10)

e < TIN 7]
Ks ¢ 77?;?3; [ |

pero el factor verdadero serd:

AR

Dado que el fabricante de bandas ignora

— -

cual serd la resistencia de los hilos =

utilizados, habrd que introducir un fac=
tor de correccién de valor: i }
gl

h"
,D: Ky . 3 - - - -
D se llama coeficiente de desensibiliza-

K Qé"'Q‘—,

cién y seré précticcmente 1 con lineas
muy cortas, pero si éstas son superio=-
res a unos 10 metrbs,es aconsejable: hg
cer la correCién; para lo cual si no co

nocemos la resistencia del conductor de-

berd hallarse experimentalmente,

3.1.5. Relacidn entre deformacién y se-

fal de salida

El objeto .principal de la Extensometrfa -~

es el conocimiento del estado de deformaciones, pero en el estudio de

los circuitos de medida hembs visto que las deformaciones del material

donde se monta la banda, producen una variacidén de la resistencia de

la misma y que al ser ésta parte activa de un puente de Wheatstone, ori

gina una d.d.p. en una de!sus'dicgoncles proporcional a la deformccién,

es decir que serd necesario establecer la relacién entre el estimulo

(deformacidn) y la respuesta (d.d.p. en el puente).

| . AR/r
Recordando [3a]: Vs:= ‘%-h- éé—/ 3 la E}O—l K= =
. , : )
~ deducimos. que: —yé-: va-p.K - . D — D'O]

.Relocién importante sobre todo cuando la lectura se efectua con ins-

trumentos que no dan lecturas directas en microdeformaciones,

Ejemplo: E1 elemento de la fig. 11 esté sometido a un esfuerzo de -

“traccidn simple; si medimos al aplicar la cargag, @ la salida del nuenta



una Vg= 1 mV, calcular la fuerza F.

E=2040° N/cn?
S:05cm’

V. .2 _
VS:_L%YLK?: ?25:1000}\/ »(p ’1)

'Egioqo}«.é |

F- e ES: dooo. 20.40° 05 . 10°%= Lo kN




3,1.6, Estudio de diverses circuitos de medida

Es muy frecuente, que en el puntq objetc de medida in=
cidan esfuerzos compuestos y sin embargo, solo nos interese conocer
la influencia individual de dichos esfuerzos como veremos estudiando

casos particulares,

Traccién o _compresién simple

Si el elemento de ensayo estd sometido simultdneamente
a flexidn, traccidn compresidn y variaciones de temperatura amplias,
el circuifo de la fig..12 solo serd sensible a los esfuerzos de‘trcg
cidn & compresidn; en efecto, la vqriccidn de resistencia de cada -

una de las bandas es (1lomando Ro= valor nominal de la banda;ARt=

'incFemenfo de Ro por la componente tangencialj; ARN= iden, ndrmcl \Y

ALY

+

]
l‘E‘

—

'

|

i

SN

ARt efecto variacién de temperatura
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Lo anteribrmente expuesto es vdlido siempre que por el
eje de cplicocién de cargas pase un plano de‘simétr{o dg la pieza, y
exige el montaje de dos bandas por romc_dellpuente, siendo aquf de
aplicacién el utilizar valores froccionddos’(ver 2,2.1.) p.e, 60 ohms,
para que la impedancia'del circuito sea 120 ohm, siendo ests tiltimo
preceptivo si no se montan compensadoras y se utiliza montaj. ae 1/4

‘de puente.

Flexidn simple

Para medir una flexién simple (fig. 13)

FLEXION PURA - o . _
eliminando otras influencias, no es nece

% se monfon

com pensadoras

sario montar bandas compensadoras, ya -
que el propio circuito compensa  los éfeg

tos de variacién de temperatura. Se -~

cumple que:

A Ras= PO+APT +ARy + A Qt

}u
AZ J |

| J— i ua Raz * /?ofA R-ARy+4 R a/zfl;_carzdo [3]
L

ez Z{Al?r Apa/ AR AR ARy _ AP&)__

AN

e T e T, T R

% ARt
"2 R o 48]
_ Ve AR v/

e Vor g Rt g ke

- 4 . D _ Li7vél_ 3¢r |

f1g 43 Evs s s S5 f 4]

I E

P

N= 056

N= frecuencia natural
f= flecha

E= Modulo elasticidad
?= densidad |



AN,

T. siéﬁ Recordemos (fig. 14) que un eje some
or « ™

Yimcaers B

Pig Lk

tido a un. par de torsidn expefimentd

sus m&ximas deformaciones en una di-

reccién que forma 452 con la direc-

.cién de sus generatrias, y que dichas
deformaciones son iguales y de signo

contrario; por tal motivo si situa-

/\f». ]

" : ' mos las'bondcs a 45°¢ segéﬁ lag fig.
i§“5§ y : )
i . 150, tenemos que:
. J , ) .
: : QA&: Q0+AQC+AQ-‘—+AQI:
2 R, BR AR, + 4B, |
*VS,_@_(ARC AR ARy . AR, AR ARy AU\

: + A =)
_{ :v L% N Q R ;3:, Qo . M po‘ \U p.) Q, .
Q. AN
o Vé 4%?& S ’ iiS]’
{‘5? lba : APc Ad v Ve, : o
Poqemos considerar que: iézz—-l \ s szk;zgﬁ;__ ; Kigl
siendo Cel esfuerzo cortante y G= ~;77:27~
Lt PR ‘ En el montaje de -1/2 se eliminan los
07 ﬁfﬁ?‘ 'ﬁ?@x q efectos de traccién y compreSmén-

pero no la flexidn, se puede dém6§:f
trar que en la configurdcidn de 1/1
de puente, el circuito de‘medidawédlo
es sensible a esfuerzos producidosl-

por torsién (fig. 15b). R o

3.2, Circuitos de calibracidn.y - Ji=
librado ‘

Ny e

La técnica de calibraciédn: de* un" puen—

te de Wheatstone pcrc'extethmétriG,

" consiste en prodﬁcir en una- rama del
< puente, por shuntado: de una- resisten-
cia, un desequilibrio igual-al- que se

producirfa al someter o determinado .

solicitaciones. el élehehtbﬁdé-ehéhyo
{{gi@ (fig. 16). -
El efecto de la resistencia de cclibrcciéﬁ RC' es eﬁudvcléntbﬁo
una compresién sobre la rama que actua. Supongamos que- deseamos:
colculor el valor de Re para que tengamos un efecto equ1volente~

o] SOOM en un circuito de bandas de. Ry = 120 ohm, K = 2, excita="

do con Vg = 2 V; tenemos que: i



AR é‘i c:j?oa - - - Qo_,m o [’\q’}
R ~ ) £, Re+ s _ .

_ _Re o - _ _ _ Bl
T RevRe KT T el

Q _ Qo(ME_K}:_ 190000 L I ""&ﬁ]; |

El signo (=) indica que se trata de compresidn. En la

fig. 16 se supone que un solo brazo del puente es cactivo, en general
y teniendo en cuenta el n? de brazos activos del circuito, encontra-

mos la expresién general

R | o S (201
R~ e ® I |

en la que:
. Rc= Resistencia de calibracidn o ‘
Ro= Valor nominal de la resistencia de Qha rama del puente.

« .
E

N= N2 de brazos activos del circuito del puente.

]

Factor longitudinal de sensibilidad de la banda.

Alargamiento unitario equivalente que produce Rc,

(E1 termino €K en el numerador se desprecia por ser muy
pequefio). ' ) N h '
Si el instrumento de lectura da indicaciones directas
en microdeformaciones, lo explicado es suficienté, pero ocurre, Sobre
todo en medidas dindmicas, que tendremos que establecer una relacién
entre deformaciones y d.d.p. a la salida de los amplificadores que elgﬂ,
van de .nivel las débiles seﬁales del puente de medida; siendo regla -
prdcticd,'buscor éscolos enteras. Ejemplo.

En la fig. 17 se representa el circuito para medida cdle

2 de seccidn, se desea

traccidn.simple en una barra circular de SQOrnm
que una carga 10 KN dé una indicacién de 100 mV en. el instrumento .de

lectura (1 da N/mVv). .

'

220}, 10"daN) /o §
| FAOKN




G‘: 4‘?_2_&%%1_ Lo (Gq'nadcfa \1‘13{§(i§\ca,c(of'\

Kol - - _/_n_._,._': ,2‘)” 45( c‘h/n

L,)’C /(,‘,\ T -

Luego si colocando una Re= 252100, ohm, ajustamos la

‘ganancia del amplificador pcrciieér -100 mV, tendremos el circuito

Vprepcrodo para leer las fuerzas F con un¢ escala de 1 da N/mV.

Observese que se ha empleado circuito de 1/4 de puente
con 2 -bandas de 120 ohm en serie para eliminar efectos de flexidn'y

torsidn.

La calibracidn de un circuito extensométrico por shunt
de una resistencia es casi universalmente oceptddc, no obstante pre-~
senta el inconveniente de insertar la sefial de referencia en registros
dindmicos, ya que dicha seffal se superpone a la componente dindmica y
la suma puede salirse del rango de medida por saturacién de instruméngg

para paliar ésto;.se puede utilizar una resistencia en serie.tal y como

~

se indica en la fig, 18, asi opﬁiehdo

el interruptor A dejamos sin excitacidén

B Re " el circuito y nos marcaré el cero -
v (correspondiente a carga nula) y si a
A " continuacién cerramos B, obtendremos -
— una sefial de referencia independiente
-prig {8 del estado de carga del circuito.

Se demuestra que para producir la misma sefial la rela-

cién entre los valores de la resistencias shunt y serie son Rc=2Rc.

Hasta aquf hemos supuesto 51empre que el puente de Wheats
tone estabo completomente equ111brado para cargos nulas en el dircuito
de medida, pero debido a las pequefias variaciones de res;stenclo que
se-origincn éi montcje,(por soldaduros,»vqricgiones-de la propia, resis

tencia de lo bonda al ser pegada, eth’lo sefial de salida Vg tendré un
' . ' “13-



pequefio valor que conviene anular para hacer lecturas directas.

El desequilibrio inicial del'puehte en medidas estdti-
cas, con_instrUmentos que dan lectura directa en microdeformocidnes,
obligg a hacer una lectura inicial estando sin carga la pieza de ensga
yo que serd restada de las lecturas posteriores bajo carga. En el. caso
de medidas dindmicas, partir con un desequilibrio, equivale a introdu-

cir una componente de contfnua constante.

Varios con los procedimientos que pueden utilizarse para
corregir un desequilibrio ihicicl pero el mds universal, consiste en
colocar un potencidmetro de alto valor dhmico en lo‘diogoncl de ali-
mentacién del buenté con el contacto mévil unido a través de una re-

sistencia Rp al vértice intermedio tal y como se indica en 1la fig. 19.

La resistencia Rp limita € tanto por

ciento de desequilibrio capdz de corre-

gir y el potencidmetro P da el poder -
de resolucidn de dicha ajuste. En efec-

to, supongamos que en el circuito de la

fig. 20 queremos calcular Rp para poder

corregir desequilibrios de un 2% o lo que

es lo miSmo suponer qué:
v?z : Ry :Q'u = 5420 o?'\m

Qi: ﬂ.i-ﬁG OF‘UTL

La resistencia total de la rama 2 tiene

que ser igual a la de la rama 1 por tan

R BIE TTWE 120 R
Ea': %%LEE—-: _JiinLQELDl

Para el célculo hemos supueglo qué el cursor del pofeh-
ciémetro esté en un.extreno, por lo que si P es de Valor élevodo, al
estar_en.pqrclelgjcon R, no le influye; para desequilibrios inferiores
al 2% desplézéndo el cursor se consigue la posicidn en la que por G no

circula corriente.

Otros procedimientos pueden consistir en affadir resis-
tencias en sgrie en -las ramas hasta conseguir el equilibrio, pero si
bién este método es aconsejable para la construccidén de captadores, no

es prdctico en medidas extensométricas salvo casos muy especiales.



En instrumentacién para medidas dinémicas, los desequi-
"} rrios de los circuitos de medida se compensan introduciendo una con
fru;ensién en la entrada de amplificocidn, con lo'que se consigue no

desensibilizar ‘'en absoluto el circuito e Inqluso producir "falsos ce-

ros" cuando las condiciones de la medida 1o aconsejen {fig. 21).

0 \,OUZS

I — A hcgﬂ

~ 'Sea cual .sea el procedimiento con el que corrijamos el

'dééédqiiibrio, los componentes utilizados serdn de precisién y esta-
bilidad idéntica a la exigido al circuito de medida. El potencidmetro

" P ser§ de 10 vueltas y provisto de duodial, que permitird§ reéstable-
cer las condiciones iniciales de equilibrado de manera f&cil, aldn -

cuando las condiciones originales hayan.variado.

3,3, Captadores extensométricos

El conocimiento de las técnicas extensométricas abre la
posibilidad de construir captadores que efectuen la transducciédn de -
cierta energfa mec&nica en eléctrica, pero no obstante hay que advertir.
que los problemas que en éste cometido ée presentan, son-tolxcomplejbs.
que solo verdaderos espec1ollstcs serén capcces de consegu1r resulta-
dos aceptables, por lo que todo lo expuesto a cont1nucc16n, debe con51
derarse solo a tftulo‘;nformotlvo,poro me jor comprender el funcionamien

to de estos instrumentos indispensables en un laborator-io de ensayos -

~dindmicos .

, Un éaptodor estaré formado por un dispositivo mecdnico
que seaq sensible de forma moyorltarla a determlncdos pcr&metros fisi-
cos (fuerzo, pre516n,_cceler0016n, etc) y précticamente insensible c&
resto de fenémenos que incidan simulténe amente sobre &1. ~Si sobre el
elemento senslble del captador montamos bandas extenSQmétricas, podre
mos medir las deformaciones deﬂéstcs relaciondndolas con el parémetro'
que las originég, como es 16glco, podremps consegu1r lc independencia
dei coptodor o] sollc1toc1ones no deseadqs vclléndonos del adecuado d1

‘

sefio mec6n1co.y de la disposicidn de las bandas.

! ¥



La eleccidn de los materiales que constituyen- la parte.
mecénica del captador es de vital importancia y se tendrd muy en cuen
ta que el médulo de elasticidad E, sea totalmente constante en el mar
gen de ufilizacién y jomds sobrepasar la zona lineal de trabajo, .exen
ta en lo posible, de fehémends de histeresis y fluencia, siendoc normg
tivowsobrepasar en las cargas 1/10 del lfmite eldstico. E1 coeficiente
de dilatacidn tiene menos importancia una vez que las dilataciones se

rdn- homogeneas y se utilizardn bandas autocompensadas.

A tftulo de ejemplo en la fig, 22 se ofrecen esquemati~
camente algunos montajes para medidas de 1los parémethos'que se indi-~
can. Nunca habré limite en disefar cuolqu1er disposicién meclnica que

afiada meJorcs para determlnodos f1nes.

Hasta aquf nos referimos a bandas extensométrlccs pega-
dos (Bonded Strain-gages) pero en captadores se utlllzc generolmente
otro tipo de extens{metro en el cual, el elemento sen51bleves un_hllo
sin soporte y opoyodo'sobre'unos‘zofiros (unbonded strain-gages), qng'

si bi¥n cumple todos los principios hasta ahora expuestos, es MUy dis
 tinto. En efecto, consideremos la fig., 23 en la que las bahdcs'extensg
métricas tal y como las hemos concebido hasta ahora son sustituidas -

por hilos. conductores A, B, C y D sometidos a una ten516n previa; si la-~

carcasa interna se mueve por cualquier

.[ o A ~ solicitacién meéanica (ej. aceleracidn)
8 c ‘ a derecha o izquierdovrespecto>d la -
D ' carcasa externa,,los hilos A y Dy los

{ 23 Carca B y C sufren deformaciones de signos
Is \__a . signo
" contrarios respegtivamente. La cone=

- xién eléctrica del circuito para cons-

—} tituir el puente de Wheatstone se in-

Vs dica en la fig. 24,

-

STRAIN GAGE WM

A tftulo de eJemplo la flg. 95 1nd1co'

la d1$p0$1c16n cdoptcdc por 6?r1 en

~ sus captadores de aceleracién.
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Desplazamiento
’ - Los desplazamientos relaotivos entre A

Banda . (fijo) y A* (mévil) producen una defos
é = — macién en la lémina pro flexién, propor
2 ]T— .
A o C{ cional al desplazamiento d.
,'1 . ’ A'

Una barra cilfndrica en traccién y/o

compresidn (evitar pandeo).

Anillo dinamométrico en traccidn.

Aceleracién-vibracidn

La masac sismica M es sensible a las

fuerzas de aceleracién y habrd propor

Ma scz " cionalidad con la deformacidn que su-
si>mice |- ~ fra a flexidn lo lémina M{ S! laq fre-
ﬁ1 ‘ " cuencia propia de la 1lé&mina es supe-
H qggllzgirzp' riof:o la del movimiento 1la respuestdm~

. ) /.
LarzinaM , oo
L, serd a la aceleracidén y si inferior a

._./”///'/ /——//‘ . »

la velocidad del deSploZomiento de M,

Presidén

La membrana M se deforma si en 14 ca-

mara C hay variaciones de presiéni~

9
¥
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Lémina cilindrica en flexidn

oo AFL _3lry fuerza aplicada
mEr b . =2 difmetr

c=__4,1,c|=——3;lr, - .X. dlam O

: < EP L brazo fuerza-banda

R primera frecuencia propia
= 0567 - flecha (desplazamiento de F)
deformacién longitudinal

F
d
!
f=AFL L brazo fuerza-encastramiento
N
f
€
e, deformacién transversal

Anillo dinamométrico

JLER( 2
fe= Eae =

F fuerza aplicada
—3FR 2 e espesor
&= faol (1 _'E) a anchura
(=1 7’9 FR . R radio medio
A ““Eae® f flecha total - .
€e deformacién longitudinal exterior
e; deformacién longitudinal interior
Arbol en torsidn
e MR M=F | momento aplicado _
nGR T 2L L longitud total del arbol -
_2ML a &ngulo de giro en radiones
© G R La distancia de las bandas no afecta
avec G = iTE-F_J . g, deformaci6n de una de las bandas

€y deformacitn de la otra banda
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PARA EL (ALCULO DE TRANSDUCTORES

Ldmina en Traccidn

F  fuerza aplicada

a . anchura

e espesor

€ deformacién longitudlnal
deformacifn transversal

Toro circular en
Traceidn%compresidn

F  fuerza repartida
difmetro exterior
~dié&metro interior

- deformacién longitudinal
deformacién transversal

mMm Qo

Lémina en flexidn

F . fuerza aplicada
a anchura '
. espesor

brazo fuerza-banda

brazo fuerza-empotramiento
primera frecuencia propia
flecha

deformacién longitudinal
deformacibn transversal

/

m MmO -"Zr—o
N — .

. R >. . . . 7.’-/___‘_,__.—-
Ldmina triangular en tsoflexiodn .

F  fuerza aplicada (en el vértice)

‘b anchura base

L brazo fuerzaﬁancastramlento(altur )

-f  flecha

La distancia de las bandas no afecta
€ deformacién longitudinal
€, deformacién ﬁ;ansversal



Tempercturas extremas de compensac16n.- Temperaturas inferior y supe-
rior, que no deben sobrepasarse, pcra que, emplecndo la compensac16n,
las caracterf{sticas del captador se mantengon dentro de los limites

definidos para los mismos.,

Temperaturas extremas de empleo.- Temperaturas inferior y superior -
que, en caso de sobrepasarse, determinan la pérdida definitiva de las

caracter{sticas del captador.

Impedancia.~ Sensibilidad a fendmenos para los cuales el captador no
ha sido realizado, p.e.: Sensibilidad de un aceler8metro para acele~
rociodes perpendiculares a su eje primario (Cross Axis Sensitivity).
‘Desplazamiento (Deflection).- Distancia entre las dos posiciones de
un punto después de cargado, comprendido dentro de la que existe a

carga nula y nominal.

Ambiente (Stamdard Test Conditions).- Conjuntq de aquellos valores
caracter{sticos del medio ambiente que pueden influenciar las propie-

dades de un ccbtqdor Yy que deben ser definidés en la calibracién.

Frecuencia natural (Natural frequency).- Frecuencia de oscilaciones

libres en ausencia de cargas.

Sobrecargas eléctricas admisibles.- Potencias 1{mites para el circui-
to de aliméntacién y que no deben sobrepasarse, bajo el riesgo:
a) De pérdida de caracterfsticas de captador.

b) Destruccidn totol del ccptodor.

Eje primario (Prlmory AXlS) - Eje segun el cual las cargas deben ser

opl1cados.

3.5. Determinacién de las tensiones residuales

Introducciédn— -

- Con los extensfmetros ohmicos lo Unico que puede eva. -
luarse son cambios de deformacién. Por consiguiente, si se desea de-~
terminar el estado de deformacidn existente en alguna pieza es nece-.
!

sario poder cambiar e&o(deforﬁacién una cantidad medible después de

que se haya pegado la'bcndo. A continuaéién, interpretar adecuadamen



; te el cambio medido.

Las tensiones residuales deferminogas por relajacidn son
un ejemplo de esté método. En €1, una banda se fija a la piezo.y‘se
mide su resistencia eléctrica. Luego se perfora o corta un trozo dg
la pieza teniehdo cuidado de que no se produzca cclentamiento;_y se

vuelve a medir la resistencia de la banda..

Si se produce una variacidén correspondiente a una trac

ciédn lo que habrfa es una compresién y rec{procamente.

Teorfc. Para el caso de ‘relacidn por taladro (fig.29 )

B %i 1.

Si -se hace un taladro-

de pequefio diémetro (2Ro) en una re-

gidn con tensiones residuales, se -

produce una relajacién de deformacio -

‘nes. Las deformaciones suprimidas en

el punto P a una distancia R del cen

tro del taladro cuando solo existe. la

tensiénjﬁ] son:

f° ) | I +M -i_ _ 3 '4 ; - vz
Er -6, 2E (r; Abw52&+7:/: COSVZNT)' —> lre—ﬁ—

\ Eg:*‘ﬁ'.'H» : ‘it + 3;, .“05'2&“ élu — “‘f‘ wsia)
wor Y
Kr;,., & (_i.... _’.;2__ )Je,z Do
s, - d+M [0 6
9 -G T
2 \T

que 'son- funciones sinusoidales de la orientacidn. Por ejemplo la de

4

: cosﬁeu_?gwsfu)

formcc16n radial suprimida puede escrlblrse
| " Eps(A+Beos2x)q,

Y si existen simult&neamente G;;GE seré

E,: (A-‘#&cos?ot )0‘; + [A-I-B cos Q(oi-# 910"")]:02.

ﬁ

‘Los coef1c1entes AyB pueden colculorse fdcilmente .a

-.portlr de las constcntes/u}E' E del materlal en cuestién 'y para cual

!

quier distancia R, \

o~ 3



También se pueden determlnor experlmentalmente los coe

f1c1entes A y B haciendo ensayos sin ten51ones residuales sino con

d - 1 = ¢ :
reales G};G} conocidos, por ejemplo 0‘;', 67 ; G';'. 0

Caso de la roseta (fig. 390 )

Con tres bandas pega
das a una distancia R y en las di-
recciones a b y ¢ a 452 pueden me=
dirse tres deformaciones s;:'é],;é'c

que llevadas a la ecuacidn anterior

(2) nos perm;ten‘ despejar g 0}}%2}

G- (Mmzp)e.,, (A-Bems2p) €
has cos 28

(A+B et 23 ) 8. - (A-8 m?ﬁ) fe
o 4 AB .mffi
%Qﬁz g..-z £b+2—<
S &a - Ec

z.

{—t‘% 30

Estas expre31ones son buenas si las direcciones Q}C

corresponden aproximadamente con las vpr‘lnc ipales. En casp de que no
sea as{ y las a y b dén las deformaciones mds distintas son més sa-.

tisfactorias las ecuaciones siguientes:

(A48 sew2f3) s, - (A-BendB) s
248 (senlfBsces2p)

(448 cn2fp) ey - (A-B 0edd) g,

ZA&(,sen«%«a-méﬁ)

Técnicas experimentales

Q=

i ' :
Como en todo lo experimental, las herramientas apropia

das, la instrumentacién y la cuidadosa aplicacién de los procedimien

tos son. esenciales para obtener resultados ciertos.:

Taladrado - »
| - Con ‘brocas ciifndficos, no cdnicas. La parte cortante
sélo en el frente, E1l diémefro del cilindro se reduce.o una distan-
cia de 0516>¢ a un didmetro menor en un 12% del de la punta para de-

jar sitio entré la br‘éc‘o y'e:l ‘agujero para la salida de virutas.

(‘ " : ._26_
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Bandas_especiales

o Rosetas de bandas especialmehte bién espacliadas en el ' §
cfrculo y con el centro de este bién definido.(€43.3\) ' ' ‘

Puente de medida

Puente portable de baterfas con potencidémetros de equi

librado.

Centrado del taladro

Soporte centrodor de un microscopio sustituible por una

taladradora. ( fi% 32)

cLy hond or tower
Drify '

Collet

4

*~Floxlible Couplling

Pos|tlontn-~ .
Adjusy - §INTDepth setting.

o

Gut gé
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TEMA 1V

4,1. Instrumentos para medidas estdticas.-

"Aceptando como universal el circuito de puente de -
Wheatstone en medidas extensométricas, dos son los procedimientos que
se pueden emplear para medir el desequilibrio que en una diagonal se

-produce cuando las bandas se deforman,

El "M&todo de oposicidn" introduce en la diagonal del -
puente (fig. 1) una tensidn opuesta a la de desequilibrio, siendo el
instrumento G el que controla la posicidn de ‘equilibrio. Si el péten-

cidmetro P estd graduado en

|

E formaciones) e incluso va -
i_ _EQ : dotado de un indicador numé
-T rico y dispositivos de pree-

quilibrado, podremos hacer

las lecturas directas. Se -

SV VN Y\ VI,

comprende que para ho intro

’  ;;#1§£> | —
' {TC{& ducir error las tensiones =~
il

ElyE2 deben estar estabilizadas en alto grado o bién qde sus variacio

nes sean totalmente proporcionales, pero segln el esquema de ‘la fig. 1,
eso es muy dificil de conseguir% de ah{, que se utilice la disposicidn.
indicada en la fig. 2 en las que la .solucidédn si Sién es satisfactoria
en un aspecto, crea problemas eﬁ otrds, en efecto, si alimentamos los
puentes en corriente contfnua, y dada su polaridad, los instrumentos
nos indicarén las deformaciones Lroducidcs‘por esfuerzos de traccién

o compresién segin las desviocidmes de ‘la aguja sea en uno u otro sen
‘tido respectivamente, pero al se# excitaodos en corriente alterna es ne
cesario introducir un circuito llamado detector de fase que discrimine
cuando los'déformociones son de traccidn o de compresién en efecto: =
(fig. 3) |

C>cladon

la escala deseada (microde~ -



si hay traccidn en una rama:

Vg = Va = Vg (Traccidn)

si hay compresién en una rama

- ! iy
Vg T Va = Vs (‘CQmpr6516n)

. ,.I . ‘
eu.A )
\/ 4_ Com‘)re;wn,

Por otra parte, pard conseguir la oposicidn entre las -

tensiones El y 52 es necesario que estén gefoscdcs 1802 y para lograr
lo hay que introducir ajustes capacitivos; lo cual representa otro in
~conveniente; por tal motivo la casa VisHay-Micromesures, en su puente.
P-350, emplea como portadora una onda cuadrada, en vez de senoidal, y
~ la opqSicién de fase se consigue de forma automdtica sin necesidad.de
ajustes capacitivos, ventaja que le confiere una gran aceptacién por

extensometristas experimentados.

En el "Método de cero" Gfig. 4) elhequiiibrio del puente

figh

.Se consigue introduciendo resistencias| en lcs ramas del puente hasta

conseguir el equilibrio inicial; los poten016metros P1 y P2 se despla-
zan conjuntamente en sentido inverso hcstc anular ten516n de desequ111

I

brio entre A y B, grcducndo odecucdomente los mandos de P; y P, podre-
mos hacer lecturas directas. El mando de P1 y P2 puede hacerse a tra-
vés de un servomecanfsmo y constituir as{ una unidad de lectura automé

tica.



Otro procedimiento, que octualmente estd siendo cada vez
mas empleado, consiste en leer directamente 10 sefial de salida del -
puente por medio de un ‘volt{metro digital de precisidn y exactitud ele
vada. Este procedimiento exige a su vez que la fuente Qe-exc1tcc16n -

sea muy estable (fig. 5)

1 Hig® |

4.1.1. Cajas de conmutacidén manual

Normalmente, las medidcs extensométricas, habrd que efec
tuarlas en wvarios puntos, si estos son muy numerosos (se estima que su
periores a 25) una unidad automdtica serd conveniente, pero pcré una
cantidad inferior se utilizan unidades de conmutcciénAﬁohuol con resul-
tados prdcticos sotisfcctorios; ya que el mayor tiempo de lectura que
serd necesario emplear justifica su uso'por rczones\mercmehte econdmi~

cas, pues l8gicamente los equipos manuales son de bajo precio,

El problema que se plantea es conmutdr diversos circui-
tos de medida a un solo instrumento de lectura de lo que se deduce que
el conmutador serd de una calidad que garantice un minimo de error en
la medida (Ver 3.1.1.). Por otra parte la unidad de conmutacidn debe
ofrecer la posibilidad de un equilibrcdo previo de los circuitos de i
dido,lpard que cuando ensayemos bajo carga la piezg en estudio, lcs

lecturas puedan ser directas,

En la fig. 6 se indica la disposicidn adoptada por Vishay-
Micromesures en su unidad S-Bl en la que se consigue una adaptacidn -
completa de los circuitos de 1/1; 1/2 & 1/4 de puente, asociada al ins

trumento P-350 o cualquier otro similar,

El potenciémetro P de equilibrado, serd de pre01516n y
de lO vueltas para conseguir una buena resoluc16n, $1 @ su vez va pro-
visto de un mando con contqur numérico de vueltcs (Duodlcl) podremos
reestablecer las condiciones previas del equilibrado, aln cuando se -
hubiese utilizado en otros circuitos distintos: la unidad de conmutacidn

en el .curso de experiencius diversas.,

- |



4.1.2, Instrumentos de calibracién

Los instrumentos de lectura son contrastados por el fa-

bricante en sus factorias, pero el uso y la degeneracidén de sus compo-

nentes con el tiempo, hace necesario una contrastacidn periddica de 1los

mismos, para ello pueden seguirse varios procedimientos uno de los cua

les se eiblicé en el apartado 3.2. y consistia en colocar resistencias

en paralelo en una rama del puente, que produjesen un desequilibrio -

equivalente al que experimentase el mismo circuito sometido a solicitga.
ciones concretas. Este método si bién es recomendado para calibrar los

circuitos de medida no es iddéneo para contrastar el instrumento de lec-

tura, ya que nunca sabremos si al colocar la resistencia en paralelo -

observamos alguna anomalfa, si el error es del circuito o del instru-
mento, por tal motivo se recomiendan dos procedimientos: 12 Simulador

de deformaciones y 29 Patrdn primario de deformaciones.

Simulador de deformaciones. Consiste en una caja de de-

cadas de alta precisidn y estabilidad que comprende 5 décadas que pue

den obtener valores en prsos de O,01; 0,1; 1; 10y 100 ohm. con preci-

sién totci de #+ b,O2% sobre cualquier lectura. Su estgbilidad es supe-

rior a & SO ppm por afio. A estas caracterfsticas responde la unidad -

N

”



VE-40 de Vishay-Ellis,

Para calibrar un instrumento de lectura eh'extensometrfd,
suponfremos que el simulador de deformcciones cohsfituye la banda pfo—'
plamente dicha y para ello ajustaremos un vclor igual ol de extensfme-
tro p.e. 120. Efectuaremos posteriormente su conexidn al instrumento en
montaje de 1/4 de puente en la conflgurcc16n de 3. hilos (flg. 7).
Recordando que:

AR= K.R,

tenemos que para

;I>o120‘cog &= 15’00/u6 AR= 0,36 ohm
- /Jé AR= 0,48 "
g2 /ué AR=0,60 "

{1“;:,"7

Si K=2 .y R= 120 ohm.

vPor tanto 'si el instrumento de lectura esté bien tarado,
"leemos los valores indicados de microdeforﬁociones,.si en el'simulcddr
vamos paulatinamente fijando los vclorés de 120,36;'120,98 ohm etc. Tg
ner presente que as{ simuiomos tracciones, si disminuimos el valér 120

ohm, en la misma proporcién leerfamos compresiones.
Patrédn de deformaciones

UYUna viga de secciGn rectangular b ..c. toma forma de arco.
de anillo circular, al ser sometida a flexidn pura. E1 valor absoluto.
de la deformacién longitudinal que sufren sus caras horizontales es
E - o _Paa’ La flecha del arco de 01rcunferenc1c csi produc1do es

$c*E f_- fDCL~6
| | 2 4bE
La relacidn entre flecha y deform0016n es
4 c
€= rz
1o que nos dice que podemos conocer la deformacién en fgn

P | ) o

A cién de la flecha y de .cons
et — < . tantes geométricas, indepen
: ___l-,\ ' -t _ji dientemente de las cargas y
L ' = 3 e 3 27z ' .
~ °k F,ﬁ ~< C} del médulo de elasticidad

.del material.



El Patrén de Deformaciones permite fijar la flecha -
con lo que se puede calcular lo deformacién & correspondiente. 51 -
ademds se mide la deformacidn €& por medio de extensédmetros Shmicos,
se puede calcular un coeficiente de corfeccién para este método’o -

comprobar sistemas extensométricos.

’

4.2, Sistemas automfticos de cdq isicidén de datos.

' Estos sistemas‘son necesarios cuando por el ndmero de -
puntos de registro, el tiempo requerido para un barrido manual fuese
tal que las condiciones del ensayo vdriasen derniro de él1, y por consi
guiente no fuesen datos adquiridos en igualdad condiciones los de uno
misma lectura; o bién cuando la magnitud y frecuencia de medidas mdl-
tiples haga tedioso y propenso a errores de anotacidn las lecturas ma-

nucles.

El avance tecnolégiéo de la electrénica ha facilitado
el disefio de equipos muy sofisticados, y a veces, no justifican las -
pequeﬁo§ ventajas que introducen el elevado precio que adquieren. Por
tal motivo juzgcmqs oportuno describir el bonjunto para aue el usuario
futuro, tenga elementos de juicio para configurar el Sistema idéneo a
sus necesidades, pero no enfrcrenbs en la descripcidn de circuitos,

que se escapan del alcance de eskte artfculo.

4.2.1. Diagrama bloque
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Circuito de medida,

Ser§ cuclquler circuito extensométrlco, ya descrlto, -
bién en el aspecto de bandas extensométrlccs, o bién bajo el concepto
de caoptador, Generalmente podrd ser cualquier elemento transductor de

energfa mecénica en electrica,

Excitacidn, -

Por ser circuitos pasivos, tendremos que apogtar ener-

gfa, generalmente para excitar un circuito de puente de Wheatstone.

Acondicionador, - \

Debe permitir equilibrar el circuito de medida e intro-

ducir sefilales de calibracidn,
Unidad de bgqrrido.-

Esta unidad est§ destinada a conectar cada uno de los
circuitos de medida a la unidad central de lectura, &€on una secuencia
predeterminada. Sus caracter{sticas principales son: velocidad de con-

mutcciénﬁ fiabilidad de los contactos, nilmero de polos conmutados,etc.

Amplificacdor .-

Aumenta el nivel de tensidn de las sefiales débiles qUe

se crean en los circuitos de medida.

Control de bcrrido>y registro.-

Lo forman circuitos electrdnicos, mds o menos complejos.
que permiten programar las secuencias de las lecturas y de la impre-

s ién.



Podrfamos definir un sistema como el conjunto de instru-

‘mentos, debidamente acoplados, para la adquisicidn de datos en forma

predeterminada, de las magnitudes fisicas a medir,

4.3.1. Diagrama blogue
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Diagrama bloque de un sistema elemental

El esquema de la figura responde a los elementos funcio-

nales del sistema, que son:

a)

c)

d)

e)

Captador: Es un elemento capdz de convertir una magnitud fisica en
eléctrica. Se basa en fendmenos resistivos, capacitivos, inductivos,

piezoeléctricos, termoeléctricos, semi-conductores, etc, etc,

Unidad de excitacién: Si el captador no autogenera su propia sefial
(p.e.: termopares) es necesario alimentar lo con una fuente de ener-—

gfa adicional.

Unidad de adaptacidn y calibracidn: Permite corregir y compensar
los desequilibrios en los circuitos e introducirles una sefial que

permita la calibracién de los mismos.

Amplificador: Las sefiales emitidas por los captadores pueden ser
tan débiles que no sean capaces de excitar los instrumentos .de leg'
tura 8§ registro. Es necesario entonces el empleo de unidades inter

medias que aumenten el nivel de la sefial de salida.

Registrcdof § uridades de lectura: Pueden ser cualquiera de los ins
trumentos cldsicos destinados a registros analdgicos & digitales &

bién osciloscopios, molivoltimetros, etc,



f) Red de amortiguamiento: Sirve para adaptar los impedan.: ias de en-

4.3.2. Descripcidn

trada y salida de los diferentes cmplificcdores e inst-umentos de

lectura & registro. En el caso de gclvdnémetros, tie ne una influen

cig decisiva referente a la pespuesta en presencia de los mismos.

A Captadores

Un captador & transductor es aquel elemento que, bajo estimulos f{sif

cos, da origen a sefiales eléctricas. La mayc.ria de los captadores pro

. porcionan salidas analdégicas en forma de d.d.p. eléc%ricq. Muy ideali

zado, podemos suponerlo tal y como se muestr: « juemdticamente:

.Si una viga eldstica'y empoti uda recibe en su extremo

libre un golpe, se producird un movimiento oscilatorio amortiguado,

pues bién, el transductor nos dard una d.d.p. analégica del estimulo

recibido.

Los captadores los clasificaremos bajo diversgsiaspectos:

a) Estfmulo ff{sico, al que son sensibles:‘ccptcdohes de aceleraciones,

b)

vibraciones, presiones, fuerzas, desplazamientos, torsidn, calor,etc

Principio de la transduccidn: Resistivos (P. de Wheatstone y poten

ciém€tricos) inductivos, piezoeléctricos, fotoeléctricos, capaci-

tivos, semiconductores, etc.

c) Alimentacidn de su circuito interno: Autoexcitados, excitados, en

c.c. y excitados en c.a (portadora).

Captadores. m4s usuales son:

'12 Acelerdmetros.- Supongamos una masa sismica M montada en una caja

con un

//_ff/k////j
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camente,

muelle y sistema amortigua

dor como el representado esquemdti-

Si la caja es. solidaria: con

un elemento sometido a vibraciones,
se creard un movimiento relativo

;4 g | entre masa M y caja y entre caja. y

un punto fijo del espacio. Si. llama

e "Y" a los. desplazamientos

fz " de .M respecto a caja y deucaja res-—

éy o pecto al punto fijo, respectiv.amen-

te, tendremos que ante: cualquier ex

citacién aparecerd dentro de la: caja
una energfa de volor:d,E:(X"%}"id}.‘ji-
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Energfa que se manifiesta en tres formas: cinética, de-
formadora del muelle y disipada en forma de calor por el sistema amor

tiguador. Por tanto:

g mlxay) el Kt f: ¢ x*dt ()

siendo K= caracteristica del muelle
C= constante de amortiguamiento

Si el muelle es totalmente eldstico se cumple que K_ = 4112 fn2,y
si el amortiguamiento es el ided:r S = 4w f_ de Mdonde igualando (1)

y (2), simplificando y sustituyendov obteremos que:

2=y (3)

El desplazamiento "Y" varfa con el tiempo y no tiene

X" + 4w f, X' + 402f

por qué ser periddico. Su arménico principal serfa.de la forma y" =
Aert siendo A la aomplitud y w= 2 % f; de esta forma la solucién de X
serfa: X = BeJW# en dondd B es funcidn compleja de w; sustituyendo
en (3) queda simplificado que:

C - B4n2 2 4 iB (2nf) 4+ B (2nfn)? = - A
donde los dos primeros términos pueden despreciarse si fn>'f
es decir, si la fhecuencic‘ncturol del resorte es mayor que la frecuen

c.i.c_del-mov-imi-e-n-t—o—de—~l—a~eej—c,—-e-n—t—on~ce‘s~:—B~(—2-nf~n—)—g—=- - A ; < = "
2 "_T___'J__).e ’
x (2qfn)" = - y" 2nf,

Vemos, por tanto, que el desplozcmieg
to de la masa es proporcuonal a fia -
aceleracidn a que se somete la caja,

siempre que f_% f(x~f es el 60% de fn)
= STRAIN GAGE WINDINGS .

Si unimos la masa sismica ddecucdcmeﬂ‘

te a un circuito de bardas extensomé-

tricas, tal como el mostrado en la fi,
o= MOUNTING RiNG gura, los mdvimientos de la masa se
~~aaoe: CONvertirdn en deformaciones de las

bandas y si éstas forman los cuatro

SEISMIC MASS

brazos activos de un puente de Wheats

tone, el desequilibrio que producen

b N
e e = SPRING ELEMENT

origina una d.d.p. proporcional a la

—— INGS . ) ; . ]
STRANGAGEWINONSS yceleracidn a que se somete la caja.

_ ACCELEROMETER



~
.

Los acelerémetros se construyen de forma que sean sensibles en una SO
la direcciédn y con la propiedad que giros de #+ 902 respecto a su posl
cién de equilibrio equivalen a producir los mi;mos efectos que si se

-2
someten a una aceleracién de + 1 g, repectivamente (g= 9,8 m/seg )f

El tipo descfito'corresponde\c un acelerdmetro resisti-
vo, que son mds utilizados, ya que con un margen de frecuencia, relati
vamente amplio, permiten medir desde f = O Hz. Son, ademds, de muy fé
cil acoplo en el sistema por su baja impedoncic'de salida Y proporcio-
nan sefiales altas, ho existiendo problemas de ruido 8 descompensacién
especiales cuando haya que utilizarlos a distancias relativamente gran
des,

Fuerza Acelerdmetro piezoeléctiico.

Si a un cristal piezoeléctrico le

aplicamos entre sus caras una fuer

. S(s Q - i .
Electrodo aiﬂ:id- za F, se genera en laos mismas una
Cristat ) bo abier carga q, Incorporéndole Intimamen
Pleloe{cct“

te una masa al cristal, tenemos un
acelerémetro, en efecto: q dF =
dMa.

donde la d.d.p. Vs originada entre caras del cristal vale:

v A-9_A dFF A _dMa = Ka
sv C v cC v C-

es decir, la d.d.p. Vs es proporcional a las aceleraciones que es so

metida la masa M,

Los acelerdmetros piezoeléctricos no necesitan alimenta
cién, ya que son autoexcitados. Tienen una resbuestc en frecuencia al
ta, aunque no responden bién c'frecuencics préx%mos a O Hz. Necesitan
un adaptador de impedancias para su ﬁ'9;’« an a1 ecistemn~ Aebido @ su

muy alta impedancia de salida y pueden dar problemas cuando haya que

~

emplear cableado a distancia, :
- ;
. ‘
2¢9) Captadores de vibraciones.- Para
' { ' . .
los acelerdmetros resistivos de-
]
cfamos que la frecuencia del movi
t
miento debfa ser menor que la fre
cuencia natural del resorte, pues
bién, si hacemos ahora que f fn,

tendremos un captador de vibracidén.
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En efecto, si lo caja se mueve por

encima de. la frecuencia de resonan-
cia dél muelle, la masa sfsmica per
manece "quieta" en el espacio y la

corriante que se origina en las bg

binas es proporcional a la veloci-

dad de los desplazamientos de la’

caja.

Estos captadores tienen 1la ventcjo

de que son autoexcitados.

\
Captadores de presién.- E1l funda-
mento es el mismo que en los acelg
rédmetros resistivos, salvo que la
masa s{smica es sustituida por un
diafragma, que es el elemento sen

sible a las presiones.

Pueden hacerse medidas absolutas

y diferenciales.

Coptcdbres'boscdos en transformado-
res lineales.~ Ha sido muy.desdrrg
llada la técnica del transformador
diferencial 1lineal para su uso en.
transductores. Bdsicamente, estél‘
constituido por devanado primario

y dos devanados secundarios idénti

.cos y montados en oposicidn; los

tres devanados constituyen la parte
estitica del captador y un nicleo

magnético forma la parte dindémica.

Al excitar el primario con una .-
corriente alterna constante, si el
nicleo se encuentra en su posicidr
media, no quré d.d.b: en los ter-
minales del secundario, pero poro”
cualquier desplazamiento del ndcle
opcreceré una d.d.p. entre terming

les del secundario proporcional al -



desplazamiento.

VOLTAGE Of Vemos que un transductor bdasddo en
, el anterior principio, puede conver
! .
| tir cualquier magnitud mecdnica (deg
t
' . .\ . N . . .
- - = 5 + plazamiénto, presidn, fuerza, vibra
|
iTION L. . e -
| coRe POSTOS cidn, etc) en magnitud eléctrica.
E ‘ )
‘ Las ventajas de estos transduétores
VOLTAGE OUT. .
OPPOSITE PHASE

_ - ' son:
CORE DISPLACEMENT . L
' Salida exactamente proporciondl al

desplazamiento del ndcleo.

Alta sensibilidad y rivél elevadoé a

CORE AT A CORE AT O CORE AT B , .
(NULL POSITION) . J.CJ salida.

Caracter{stica lineal de ld reSpues=
ta en toda su escala.

Vor10c16n de la d.d.p, de salida desde cero,~51n ‘necesidad “de equ111brcr

el circuito.
Estabilidad del cero.

'Permiten la suma & producto de vorios,despldicmiéﬁf@é -

mont&ndolos en serie & tandem, respect{vamente,

Por el contrario, presentan el inéohvenienté'de:que'nécg_
sitan demodular .y filtrar la salida y de que su excitdacidn no puede -

ser en corriente continua.

Para paliar el anterior inconvenienté, la firma Séhaevitz,
ha desarrollado un modelo que puede ser excitado en c¢.c¢.; su esquemdg -
es el indicado y toda la electrdnica la constituye un circuit¢ intégrg
do de estado sélido,: de dimensiones reducid{simas, incluido dentrd de1l

propio captador. El1 resultado es francamente favorable. -

vs —| REVERSE POLARIT T | Gureur e *1ovee
. REVERSE POL Y OSCILLATOR L— (vOT OEMODULATOR |—- OYTPYT e
£ PROTECTOR
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Servoacelerdmetros

T Constituyen un avance enorme en la 4
| medida de aceleraciones por las «--
elevadas prestociones que ofrecen.
Su principio estd basado.en la res
tauracién del equilibrio de una ma

sa sismica pendular cuando éste es

desplazado de su posicién de repo-

so por una fuerza aceleradora. En

efecto, de la ecuacién Mr= {Momen~
—_— to de tensién)="1 (Momento de iner
cia) (aceleracién) deducimos que una aceleracidén angular aplicada =
al acelerémetro y actuando sobre una masa equilibrada montada en un -
eje girotoéiq, origina un par de tensién sobre dicho eje; de la misma
forma, si la masa no estd equilibrada (pendular) y es sometida a una
aceleracién lineal producird en el eje de rotacién un momento de ten-

sidén,

El fendmeno de la transduccién aceleracidn-sefial, se -

consigue disponiendo de un sensor de posiciédn, capaz ae detectar los
movimientos de la masa sismica pendular el cual da una sefial eléctri-
ca a dichos movimientos y que es amplificada hasta éonseguir el nivel
_cdecuodo para alimentar la bobina montada dentro de un campo magnéti-
co que originard el par antogonistd al de torsidn que cred la fuerza
aceleradora. El circuito es cerrado, de ahi que la sefial se obtiene -
como caida de tensién en Rye ‘ |
La sefial de estos acelermetros es de + 5 VDC vy en la
mqyorfo de aplicaciones no necqsitardn posterior amplificacién para -

‘su registro. Son dlimentados normalmente a 4+ 15 VDC.

B M&8dulos de excitacidn

Médulo de excitacién es un elemento capdz de suministrar

la energfa adecuada al captador pdra obtener sefiales eléctricas propor

{4



cionales cllos estimulos f{sicos a los que se someta. Podremo; utili-
zar, desde una simple pila seca, hosto»uho sofisticado fuente de ali-
mentacidn, siendo la calidad del captador y las caracter{sticas del -

sistema quienes impondrdn el tipo adecuado de mddulo.

"Nos referiremos siempre a médulos de excitacidn :en c.c.
ya que la utilizacidn de excitocidn en c.a. (portador ) cada vez estd
més en desuso vy, cuando se utiliza, son los propios amplificadores los
que llevan incorporados un oscilador quelproporciono la excitacidn con

d.d.p. de 0-10 V en.frecuencicé de 2 a 8 KHz{ normclmente;

Un buén'médulo de excitacidn debe suministrar unad.d,p
constante; se comprende ésto, ya que cualquier variacién en 1la d.d.p.
de la excitacidn introducird errores en la sefial de salida del -capta-
dor, qQue es proporcional a la excitocién y a la variacidén del estimulo

fisico.

En general, la eleccidn de un médulp_devexcitaciﬁn;Se

‘hard considerando dos aspectos:

19)'quocter£sticos del captador.- Impondrdn el valor de la d.d.p., in
tensidad de corriente y poténcic; deberdn considerarse 1los casos
en que sean varios los captadores alimentados en paralelo por un

solo mdédulo.

22) Especificaciones propias del médulo de excitaciédn.- Serdn Indice

de la calidad del mismo. Deben considerarse como importantes. -

Posibilidad de ajuste sobnetensiohes (cortocircuitos, electromaané

tica, térmica, electrdnica, etc). |

Limitador electrdnico de la corrieﬁte de salida.
Reversibilidad de ic polaridad. |

Rizo residual de la tensidn de salida.
Aislamiento de bornes de salida a masa 8 tierra.
Corrientes de fugos. i

Rechazo de interferencias.

Voltimetro incorporado de control.
Deriva de la salida respecto a tiempo y temperatura.

M&rgenes de la temperatura de utilizacidn.

) —

Posibilidad de alimentacidn por d.a. & por baterfias.

Incorporacidn de acunuladores cu&?rreccrgobles.
Conectores, caja de montaje, pero, efc,etc;



C. Unidades de adaptacidn

Una unidad de adaptacidn incorpora en el sistema 1os-elg
mentos necesarios para equilibrar el circuito de medida, es decir, par‘i:{i
que una.carga nula en el captador dé como sefial de salida cero, compen
sando las asimetrf{as propios del captador, & producidas por cgbles, -
conexionado, etc. Si los captcdores son rGSIStIVOS, la cormi nsacién =
serd§ solo con potencidémetros, siendo necesarlo un ajuste Lupocltlvo en
el caso.de ccptadores inductivos 4 cuando se emplee el sistema de exci
tacidn por "onda portadora". Opcionalmente, pueden_lnCIU1r un sistema
de calibracidén y elementos pasivos (resistencics)vparc completar cirgui
tos de medida de captadores, generalmente cuando se utilizan puentes de
Wheatstone, ' ‘ ‘

Normalmente, las especificaciones de una unidad de adap=
tacidn son referidas a circuitos con 350 ohmios y excitados.con 10V,
pero no hay razdn para ompliar estas especificaciones a otros valores,
.por ejemplo, si una unidaod de adaptacién permite compensar deséquili-
brios de + 4 mV en un circuito de 350 ohmios con 10 V de excitacidn, .-
Utilizando un circuito de 1,000 ohmios 'y la misma exc1tcc16n, la cober

tura de cJuste serfa:

1.000 x (+4) =4 11,4 mv,
350 '

El poder de resolucién.debe ser del orden de 5 microvol-

tios para una buena unidad.

Es frecuente util?zar una resistencia fija de precisidn
para calibrar un circuito, conmbténdolo en paralelo con una rama del
puente de Wheatstone. La sefial #sf obtenida es equivalente a 1a que =~
producirfa el captador sometido a cierto estfmulo ffsico. La carta -
que acompafia a los coptodoreé{in#ica el valor de la resistencia, que
producird una sefial equivalente a la del captador con el 80% de su -
carga nominal. Con el ffn de evitar la utilizacidn de numerosas resis
tencias de calibraciédn, se montcn'unos bornas exteriores que permiten

conectar una caja de décadas y, de esta firma, seleccionar el valor

adecuado para cada captador 8 circluito de medida.

En medidas de Extensjometr{a se presenta, con frecuencia,
la necesidad de utilizar 1,2 & 4 birazos activos de un circuito de =~
puente Wheatstone. Para estos casfos § similares, las unidades de adap-

tacién suelen llevar incorporcdcq las resistencias que completan los .



brazos pasivos del circuito, facilitando el montaje con una egonomfc
notable al disminuir el ndmero de extend{metros por circuito de medida.

'Se tendrd muy en consideracién que no exista un punto

comdn (masa), pues provocarfa un cortocircuito en una rama del puente.

AY

D Amplificadores

El‘cmplificodor es una unidad intermedioc entre el circui -
to de medida y el registrador y su utilizacién serd justificada por -
dos razones: una cucndo la sefial del coptador sea insuficiente para -
excitar los instrumentos de lectura 8 registro y otra en el caso de -
fenémenos cuya prgsenciq sea superior a los 350 Hz, ya que los gdlvo-
németros capaces de dar réspuestas a estas frecuencics son de baja sen

sibilidad.

La tecnologfa electrdnica de un omplificodor pcrc'sisfg
mas de medida ha evolucionado graondemente en los Gltimos afos y del -
primitivo tipo de ondo\portcdoro (ccrrier),.se ha pasado a las actua-
les de tipo diferencial, con circuitos transistorizados sencillos,.e§
tando desarrolldndose actualmente técnicas mds avanzadas con-empleb -

de circuitos integrados y del amplificador operacional.

Describir circuitos electrdnicos de un amplificador no;es
objeto de este crtéiulo, pues no olvidemos que, desde el punto de vis-
ta de instrumentacidn, su uso, y no su constitucién, es necesario co-
nocer. Sf es preciso, sin embargo, interpretar correctamente las espe-
cificaciones que de ellos se dan, para poder elegir y utilizar siempre

el modelo mds idéneo para un determinado sistema.

Especificaciones de un amplificador,

Configuracién (Configuration).- Indica generalmente la disposicidn de
la entrada y salida, diciéndose que es verdaderamente "di

- ferenciol" cuando esfdn totalmente aisladas y "single en

ded" cuando hay una entrada y salida com’n. La salida de

un amplificador puede tener un punto a tierra &§ estar to

totalmente aislada. En este caso se dice que tiene "sali-v

das flotantes",



Ganancia en tensidn (Voltage Gain).- Normolménte ser§ por pasos fijos
(10, 20, 50, 100, 200, 500, etc) y ajuste fino entre pasos.

Es importante el grado de exactitud entre pasos.

Respuesta en frecuencia (Frequency Response).- Nos indicar§ el % de va

riacién de la ganancia en un determinado ancho de banda.

Tiempo de recuperdcién contra sobrecargas (OQerlood Recovery Time) .~
Si a un-amplificador 1lo sbmetemos a una sobrecorgo de 10
veces el valor final ‘de escala, nos indicard el tiempo que
transcurre desde que éeso la sobrecarga hasta que se alcan '

za el 90% del valor total de escala. '

Linearidad (Lineqhity).- Idealmente, un amplificador. deberd§ dar sali-
das totalmente proporcionales a las sefiales de entrada. El
. error de proporcionalidad expresado en % del valor mélximo

~de .la sefial de salida lo da esta especificacién.

Derivas (Drifts).QSe entiende por derivas 1las variaéiones de la sefal
de salida con sefial de entrada nula y puede referirse al
tiempo‘y/é temperatura. Las variaciones de la salida por
_este motivo deben mantenerse en el entorno dado en esta -

eSpec1f1ccc16n.

Ruido (Noise).- El ruido inherente a circuitos electrénicos (agitacién
térmica) limita el poder de resolucidn, que no podrd ser

mayor que la especificaciédn dada para ruido.

Modo comin de rechazo (Common Mode Refection).~- Es fndice del poder de
rechazar sefiales indeseadas. Se expresa, en dB, como la.rg'
lacién entre el voltcjé en modo comdn (CMV) y la seRal que
dicho CMV originarfa en la entrada.

CMR (dB) = 20 log . CMV_
' IS
Sensibilidad (Sensitivity).~ Relaciona los miveles de la sefial de en=-

trada y los méximos de la sefal de salida.

Méxima impedancia del circuito de medida (M&ximum Source Impedance).-
Es el 1fmite superior del valor de la impedancia del circui

to .de medido}

Impedancia de entrada (Input impedonce).- Es la medida a la entrada del

omplificador.



»

Impedancia de salida (Output Impedance) .~ Es la medida a la salida del

omplificador.

Capacidad (Capability).- Méximos valores en tensidn y corriente capa-

ces de obtenérse a lo salida,

Ajuste 2ero Offset.- Indica la capacidad del qmplificcdor de obtener
una solida nula con las entraodas conectadas a un circui

to de impedancia cero,

)

‘Mfnima impedancia de corga (Minimum Load Impeﬁcnce).- M{nima carga que
debe conectarse a la salida del amplificador pata obte-

ner la méxima salida,

Como conclusién, diremos que las especificaciones del amplificador de
berdn cumplir, como mfnimo, las propias exigidas al sistema en conjunto.
Caracter{sticas superiores solo producirfan un encarecimiento innecesa-

rio.

E Registradores

El registrador es el instrumento que recibe las informa-
ciones transmitidas por los captadores a través de los médulos interme
dios pora ser grabadas de forma que permitan el cdlculo & procesamien

to de datos,

La eleccidn del registrador, al igual que los demés compo

nentes del sistema, estcréﬂcondicionodc por el barémetro a medir,

Si los fendmenos a registrar s&n de muy bajas frecuencias
un registrador potenciohétrico serd suficiente. Por el contrario, si -
las frecuencias son de algunos herzios, tendremos que utilizar un re-
gistrador oscilogrdéfico de haz luminoso, microfilm, placas osciloscé-
picas 6 cinta magnética. En general, varios serdn los factores que in

tervendrdn en la eleccién y convendr§ considerar:

N

Fidelidad, § sea, distorsidn que experimenta la sefial en

la grabacién.

Valor mfnimo de sefilal que .puede ser grabado y posterior-
mente interpretado dentro de los limites de "exactitud y precisidn exi-

gidos en la medida,

. Banda de frecuencias con respuesta plana,



Ndmero de canales simulténeos de registro.

Tratamiento posterior de la informacién.

En medldcs dinémicas son muy utilizados los reglstrodo-

res osczlogréflcos de haz 1um1noso y los reglstrodores magnéticos de
cinta. ' , : .
Registradores oscilogréficos de haz luminoso.

La seRal eléctrica procedente del captador excita un gal
vanémetro que refleja el haz procedente de una fuente luminosa capéz -
de impresionar un papel fotosensible, grabando en forma analégica la

\

magnitud f{sica objeto de la medida.

Cuatro son los elementos fundamentales de un oscilégréfo:
mecanismo de tfcnsérte de papel, fuente luminosa de alta intensidad,
sistema béptico y galvanémetros. E1 mecanismo de transporte de papel de
be permitir varias velocidades de registro y osegurof ka constancia de
cada una de ellcé. Una de las limitaciones de registrar fendmenos de -
frecuencias elevadas la impondrd la capacidad de transporte del papel '
para cdhséguir la velocidad adecuada que permita uha’grabaéién legible,
con un consumo mfnimo de pQP?}w________m_-ﬂ-;un__h"“____~_‘;m_ﬁ__“__‘

La. fuente luminosa estd también intimamente ligada a la
frecuencia de 105‘fen6menos a registrar y se comprende que, para fre-
‘cuencias elevadas, el tiempo<de eprsicidn del haz luminoso sobre el
papel serd muy breve, de ahf que la intensidad del mismo tendrd que -
ser grande. Se utilizan focos de l&mparas de fungsteno, arco, halégenot

vapor de mercurio, etc. E1l lfmite estd en frecuencias de unos 25 KHz,

El sistema dptico de su oscildgrafo estd formodo por una
serie de espeJos Y lentes que conducen el haz luminoso hastc el popel
fotosensible, con51gu1endo que la grobac16n seaq leglble. La calidad
de sus componentes, su facilidad de ajuste, as{ como la prec1516n de
su montaje, serén el fndice de la bondad de este sistema.

_ El gdlvanémétro es el elemento fundamental de un registr
dor y su misién es convertir una determinada energia eléctrica en mbvif

4

miento de rotacién.
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Los galvandmetros tipo D'Arsonval
son los m&s utilizodos y estdn -
constituidos por una pequefia bdbi
na con una suspensién torsional -
sometida a un campo magnético cons
tante; la suspensién es portadora
de un espejo que recibe uh haz de
luz y lo refleja sobre papel foto

sensible; el paso de una corriente

'por la bobina crea un campo elec-

tromagnético, cuya resultante con
1
el campo magnético del imén perma

nente originar& el giro de la bo-

bina 'y, por tanto, el del espejo

de la suspensidn.

Ei'valor T del par de torsidn de la suspensién tiene por valor T= NBi.

,o.cos¢ siendo:
B
i

Qa

¢

il

]

Nimero de espiras

Densidad de flujo.

Corriente en la bobina

Ancho de la bobina

Angulo de deflexidn

La deflexién del haz luminoso es proporcional al ndmero

de espiras de la bobina e inversamente proporcional a la constante

de torsidn K de la suspensidn; un incremento del nlmero de espiras y un

decrecimiento de la constante K, aumentard la sensibilidad, pero tambi

también el periodo de la oscilacién, disminuyendo, por tanto, lao fre-

cuencia natural. De aquf se deduce que un galvandmetro con amplia res

puesta en frecuencia implicaréd sacrificio en la sensibilidad.

Un golvandmetro balfstico se usa para medir la cantidad

de carga desplazada por una corriente de coftc duracién. Supongamos

(fig. a) que se cierra el interruptor e inmediatamente se abre, por G

circulard una corriente de descar
ga que orjigina un giro de la suspen
sién. Este giro de la -bobina en un
céﬁpo magnético induce una f.e.m,
pero, como el circuito esté abierto
no circula ¢corriente por G y €&ste

oscila indefinidamente existiendo
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' \i L como Unico amortiguamiento, la fric

cidn de la suspensién.

En la(fig. b) la corricnte debida a
QJ~' ' ' la f.e.m., inducida por el giro, se
cierra por el shunt y esta corrien-

te origina un par de torsidén que se

%% l, opone al movimiento producido por
la descarga del condensador. El va-
loryde la resistencia shunt limité

kﬁ . - el valor de la corriente antdgonis-

ta, existiendo un valor para el -

cual G retorna a.cero sin entrar en oscilaciédn. Este valor de shunt
se denomina resistencia externa crftica de amortiguamiento (Critical

External Damping Resistance, CSDR).

Galvandmetros utilizados para frecuencias bajas necesi.
tan el amortiguamiento dindicado en el pérrafo anterior. Por el con-
trario, para altas frecuencias el amortiguamiento se consigue intro

duciendo la bobina en un tubo ¢apilar con un fluido (Silicona).

rTerminologIa de galvandmetros

Frecuencia natural (Natural Frequency),- Es la frecuencia a_la que
un galvandmetro sin amortiguamiento responde con la

méxima amplitud.

Sensibilidad en ¢.c. sin amoftiguomiento (Undamped d=-c¢- Sensitivity).-~
: Deflekién por unidad de corriente del punto luminoso
sobre un plano situado perpendicularmente a un brazo

8ptico determinado.,

Sensibilidad en tensién (Vbltoge Seﬁsitivity).- Relaciédn de la de-
flexién con un determinado brgzo éptico a la d.d.p. =
aplicada al circuito del galvandmetro, teniendo &ste
una resistencia interna equivalente a la resistencia.

de amortiguamiento,

Ejemplos .~ Sensibilidad de corriente= ’Ig"
Sens ibilidad de corriente a
sin amortiguamiento = Tg

Sensibilidad de tensién =—S—
Vo
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CIRCUITO DE TENSION CiroiITo b CORRIENTE

Resxstenc1a de amortiguamiento (Dcmped Resisteance) .= Vclor de resisten

cia requerido para el 0,64 del cnort1gucm1ento critico,

Desequ111br1p (Galvanometer Unbalonce).- Méxima deflex.&n que se produ
ce en un gclvcmémetro al someterse a.una aceleracién de

1l g. en cualquier plcnp.

o

, ) o
Linearidad (Linearity).w Grado de concurrencia entre una posicién del
punto luminoso y valor teérico dividido por deflexién

especffica ci valor total de escala, expresado en %,

Error tangenciafs (Tongential Error).- Error causado al registrar en
una superficie plona, en vez de una circular de radio

igual al brazo éptico.
Respyesta en frecuencia (Frequency Response) .- Frecuencia a lo cual
la respuesta es plana.
Corriente de seguridad (Safe Current).f-Méxihc corriente que puede pa-
sar permanentéemente por el galvandmetro sin dafiarlo.
Resistencia interna (Internal Resistcnce).-'Resis;enciq interna de 1la
' suspensidn y bobina media con corriente contf{nua. '

Cdlculo de redes de amortiguamiento,

Al conectar un galvandmetro a un amplificador 6 circuito de medida se
presento elproblema de acoplcmlento de 1mpedonc1cs,yc que el cmpllflca
dor tendrd un valor éptimo R_ y, a su vez, para un amortiguamiento de-

terminado, el galvandmetro requerird una cierta R En todos los gal-

D.
“vanémetros CEC el valor Ry indicado en sus especificcciones se refiere

. al 64% de su amortiguamiento crf{tico, equ1volente a uno respuesta plana

hasta el 60% de su frecuencia natural.

Fijdéndonos en el esquemc, siempre hcbré unos valores Rl -

- R2 - R,, 'que permltcn un acoplo y lcs ecuaciones que establecen di.

3'
; 2%
chos valores son:
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It

R, - (1-K) Ry o S ) .

L

o)
i

K (Rg'+ RD) 1
' (Rg + gD)/(RL + Rg)

R:S—LﬁRz_Rg

K
R ='SD/IO

Optima impedancia de carga para el -amplificador (
Resistencia de salida del amplificador.

Resistencia de amortiguamiento requerida por el gclvanémetrp.

o

Sensibilidad del galvanémetro (mA/cm).

Resistencia interna del galvanémetro

Deflexiédn deseada (cm).

Corriente de salida del amplificador para el total de escala.

Constante.

En galvanémetros amortiguados electromagnéticamente, el

valor h = amortiguamiento total, es la suma de dos volbres, uno cons-‘

tante, (omorfiguomiento viscoso = h, ) y otro variable (amortiguamiénto

magnético. = H;) Las eSpec1ficucrones—CEG—andlcan estos-valores para -

cada tipo. En ellos se cumple:

Donde

ml

m2

D1
Rp2

‘h=h_ +h
m \'4
hml - Rﬁl f-Rg
hm2 ' RDZ + Rg' ,
RD2 = hm (RDI + Rg) " hm2 Rg
' hm2

Componente magnética de omortlguamlento para el 64% de amortlguo

m1ento critico.

Componente magnética de amortiguamiento para el nuevo amortigua-
miento desecdo.

Resistencia del cmortlguomlento (64%) . ‘

Nuevc resistencia de amortiguamienti.

Eligiendo un determinado valor de h, (CEC incluye las

ggrvas“g?_respuestc de un galvandmetro para diversos h), podremos uti




lizar los galvanémetros como verdaderos filtros.

F REGI STRADORES ANALOGICOS DE CINTA MAGNETICA

" Hace aproximadamente 30 afios, Marvin Camras presentd al
-Navy's Bureau of Ships un instrumento que podrfa ser utilizado por 1la
industria naval, Era el primer registrador en cinta magnética basado

en los mismos principios que hoy se siguen utilizando.

Consideraciones teéricas

Una cinta de material ferro-magnético es ei soporte de
este registro. La sefial eléctrica de entrada se aplica a las bobinas
del circuito magnético de registro por el que pasa la cinta, el cual

es sometido a una induccién proporcional al valor de entrada.

La inducciédn remanente forma el dato memorizado en la
cinta que, al pasar por un circuito de lectura crea, por variacidn

del flujo, una f.e.m. inducida,

Ventajas del registro mognéfigg

Veamos primero las ventajas del registro en cinta magné
tica respecto a otros sistemas tradicionales, ‘principalmente gréficos,
que han hecho esta técnica indispensable en ciertos campos de aplica-

cién y una de las mds utilizadas y de més posibilidades.

' 12) Permite registrar un vasto campo de'frecuenéios, desde c.c. hasta

varios MHz,

22) Un amblio margen dinémico 8 campo de medida superior a 50 dB., Se
conoce por campo de medida la razédn, medida generalmente. . en dB,
entre la méxima sefial medible sin distorsién & sefial fondo de es-
cala y la mfnima sefial distinguible del ruido. En otros términos,

es una relaciédn sefial/ruido referida al valor fondo: de escala.

L3 . ~ - ‘ - ! o\\ - v Y -
Considerando la sefial a medir, un campo de medida superior a 50r dB

indice una resoluciédn del orden del 0,3% del valor méximo: medible.:

32) En caso de sobrecarga, los posibles desperfectos son: mfnimos. si. los
comparamos con los que se pueden suceder--a galvanémetros: & otros

sistemas mecdnicos.



42)

72)

La informacién se remoge y reproduce en su forma el€ Ello

permite utilizar el registrador, no solo como instrui...... de medida,

sino también para recrear el fendmeno original, utilizando en su
salida un transductor inverso al utilizado en la entrada. Esta capg

cidad ¢nica le hace insustituible en experiencias simuladas,,

La memorizacidn de la sefial en-su forma eléctrica posibilita los
trabajos de adquisicédn de datos en el laboratorio cuando las con=~

diciones de medida no permitem hacerlo in situ,

La cinta magnética puedé borrarse y utilizarse de nuevo, lo que

representa una gran economfa frente a otros métodos.
\

'El fendmeno registrado puede reproducirse milea de veces, lo que

asegura la obtencién de la méxima informacién para el andlisis de

datos.

La densidad de informacién obtenible en un- registrador de cinta

magnética no es posible con otros métodos. Cientos de canales pue

‘den’ registrarse mediante técnicas de multiplexing.

Otra caracterfstica, y no la menos importante, es su facilidad pga
ra varfar la base de tiempo, reproduciendo el fendmeno a distinta

velocidad de la del registro.

Descripcidn de un registrador magnético

Con objeto de conocer alguno de los principios del disefio de estos re

gistradores, pensados para utilizacidn instrumental, estableceremos

cuatro grupos bdsicos en su construccién:

12)

Electrénica de registro y reproducciém, que codifica la sefial, pre
paréndola en forma adecuada para registro 8ptimo y la descodifica

para recuperar la sefal en su forma eléctrica original.

Cabezas magnéticas qué'duhonte el registro convierten la sefial -
eléctrica en diversbstestcdos de mdgnetizocién de la cinta y du-

rante la reproducciénireclizc‘el proceso inverso.

- -
. ! - . . .
Sistemas de arrastre cuya funcidn es mover 1la cintu con la méxima

suavidad y a velocidad, . constante, La precisidn de este movimiento

condiciona grandemente! la calidad y coste del registrador.

42) Cinta magnética constikuida poﬁ un soporte delgado, magméticamente

neutro, (pl&stico, poliester, Qenerolmente) lo m8s resistente posi"



ble a la traccidn mecénica 500 e la que se ha depositado uno sSus-

pen516n de 6x1do férrico.

~ — o —

Electraor:ica flactxnnx(a

de L.....@_. _— e

Reqgistro fepraoducae.

——— e e o

Entrads

-

Sistema de arrastie

Sistema de registro en Modulacién de ’‘recuencia -

Para compensar los inccvenientes implfcitos del regis-

%ro>directo;<se utiliza la modulcciév de la seffal en frecuencia y asf

la inestabilidad de bnplitud no prbd (e trastornos en cuando que la in

formacién va contenida en la frecuen :a, La imposibilidad de registrar

sefiales de frecuencias muy bajas no xiste, ya que sefiales en continua

son, en realidad, representadas por recuencias mds § menos altas, En

todo sistema FM, él démodulodorrdebe ir seguido por un filtro pasgba-

jo, cuya.frecuencgo de Sorte debe se - cerca de 1/5 de 1a portadora.
Entrada, | Amplificador Amplificador .| Filtro de
—H de . de p— )
) . aso bajo
Registro ' Reproduccién P J

! Control " .

i

i de

Portado?a Modul acifn
/

/

_—-—f__ﬁb'

La tecnica FM lleva la sedal a travéds de un amplificador

de c.c. a un oscilador controlado por véltcje-Lc amplitud de la sefial

/ :
se conv1erte as{ en una deSV1oc16n de ﬁrecuenc1o y la frecuencia de la

sefial en uno velocidad de desviacidn.

Esto portadora de frecuencia on-

dulada se negistra en la scturoc16n. E# amplificador de reproduccién

degmodula y filtra 1la senql.poroirecoger'el dato.

Una primera desvenfcjo, inmediatamente observable, compga

rando los dlcgrcmos bloque, es su mds compleja electrédnica. Asfmlsmo,

el sistema, de tronsporte debe ser més perfeccionado y preciso, ya que

si la velopldod no es rlgurosomepte cqnstonte,,se traduce, no en un

1

|



error de la base de tiempos, sino en una modulacidn indeseada & rui=--
do. Iéuclmente, la respuesta de frecuencia es inferior que en el re-

gistro directo.
Sus ventajas mds destacables son:

a) Posibilidad de registrar sefales en continua.

b) Insensibilidad a las variociones de amplitud, asf como al ruido =
originado en la cinta. La relacién sefial/ruido es superior en al-

gunas decenas de dB a la obtenible en el sistema directo.

Especificaciones de un begjstrodor magnéfico .

Respuesta en frecuencia

Viene determinada por la longitud del entrehierro de las
cabezas reproductoras, la velocidad de transporte y el método de re -

gistro.

El 1imite superior de frecuencia lo ‘alcanza cuando la -
longitud de onda registrada (velocidad cinta/frecuencia) equivale al
entrehierro. Los registradores de instrumentacién actuales operan a

velocidades comprendidas entre 1 7/8 y 240 in/ﬁec. Lbs versiones mo-

dernas pueden estoblecerse en dos ‘categéorfas de bcndas intermedia y
de bandas anchas. ‘ L

Relacién sefial-ruido . \

Es una 1nd1coc16w del margen dindmico de senoles de en

trada que pueden reglstrcrse, reproduc1rse y sepororse de@ ru1do del

\

sistema. ) | S \
' \

Se expresa en dB y en unha func16n prlmorla de\ la elec-
trénica de reproduccién y del rwuido de la cinta.
\
R \' i X \
Distorsién arménica ' b :

[

|

sa como'porcentoJe de uno § todos los arménicos respecto a lm frecuen

Es la medida de la;no linearidad del 51stemo.i§e expre

cia fundamental sinusoidal.
Flutter | { , }
\ e . ! ‘ ‘.

f |
En los registradores de C1nto de 1nstrumentoc16n}se con

sidera flptter como cualquier formo de var10c16n ‘de velocidad superlor

{ . A



\ -

i

a 0,2 Hz, Un cierto flutter existe siempre debido a imperfecciones en
el sistema de transporte & en el recubrimiento de la cinta. Esto pro-
duce perturbaciones en la base de tiempo e introduce ruido en el modo

FM,

Se expresa en términos de %, pico a pico. Cuando se -
comparen especificaciones de flutter en diferentes equipos debe hacer -

se en el mismo ancho de banda y velocidad de cinta; normalmente a -

mayor velocidad, el flutter es menor,

El flutter puede reducirse significativqhentexocqplcndo
un servosistema con control de alta frecuencia a un trqquorte de ba-
jo inercia, '

Error de base de tiempos

Cuando se utilizan sistemas de banda onchc, el error de
tiempo qbsolufo es normalmente mds significativo que el error de -
tiempo porcentual. En tales caosos, se especifica el TBE, que es la va

riacién del flutter cbn el tiempo.

En la comparaciéh de dos registradores de TBE inferior
nos asegura una reduccidn proporcionol del flutter., Un flutter a baja

frecuencia produce proporcionalmente un mayor TBE,

Dynamic Skéw

Se define como el érrbr de desplazamiento de tiempo in-
tercanales (ITDE) y es un desplazamiento variable de fiempo:enfre las
pistas de una misma cabeza causado por tensiones no uniformes de cin
ta & irregularidades en su,dimensionodo: Se expresa en /seg. de des-

plazamiento. Para que sean/significativos, deben mencionarse la velo-

cidad de cinta y el ndmero|de canales sobre los que se ha medido. Una

especificacién tipica es i$0,25 /seg. entre pistas cdyécenteS'de

"la mismao cobeza a 120 ips.

e
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INTRODUCTION

Today, the use of experimental stress analysis techniques
“has been considerably.expanded in such fields as:

- establishment of design criteria
- improvement of product reliability

- reduction of weight and cost

The necessity for these techniques has- been created by
current technical advances, radical designs and an in-
creasingly competitive market.

These pressures have forced an increased work load on the
engineer who by necessity is now looking for tools and
methods which will help him reduce his testing time and
costs as well as providing him with more data.

Photoelastic coatings, the most recent development in
stress analysis techniques, has proved to be an extremely
versatile yet 51mple tool. It is, therefore, becoming
widely used both in field and laboratory testing. It
combines the best features of strain gages and: cla551cal
photoelast1c1ty by providing:

- a visible picture of’ the surface stress dlstrlbutlon
of the component

- stress distribution which is accurately readable. at
any point for both dlrectlon and magnltude )

While the photoelastic model is still the only method for
three-dimensional analysis, the surface coating technique
eliminates the difficulties in casting complicated models
yet permits the measurement of surface strains in the elas-
"tic or plastic ranges on structures, joints, weldments, etc.,
- previously inaccessible to photoelasticity. ’

Polarized Light - Fundamentals

Light or luminous rays are electromagnetic vibrations similar
to radio waves. An incandescent source emits radiant energy
which propagates in all directions and contains a whole "spec-
trum” of vibrations of different frequéencies or wave lengths.

A portion of this spectrum is useful within limits of human
perception (wave lengths between 4000 and 8000 Angstrom*
units). - ’ : '

*Angstrom unit = 10 ~ 8 cm.



The vibration associated with light is perpendicular to the
direction of propagation. A light source emits a train of
waves containing vibrations in all perpendicular planes.
However, by the introduction of a polarizing filter (P),

only one component of these vibrations will be transmitted
(that which is parallel to the privileged axis of the filter).
.Such an organized beam is called polarized light or "plane
polarized" because the vibration is contained in one plane.

If another polarized filter (A) is placed in its way, complete
extinction of the beam can be obtained when the axes of the
two filters are perpendicular to one another (See Figure 1).

Extinctlon

—_ ..of Propagatlonéx*

s ,?)V/g;r ction

Directions <

of vibration AN

EIGURE 1

nght propagates in a yvacuum or in air at a speed (C) of 3

x 1010 cm/sec. In other transparent b Qles, the Speed V is
lower and the ratio C/V is called the j{ndex of refraction.

In a homogenous bagdy thls index 1s constant regardless of
the direction of propagatlon or plane £ ylbratlon " However,
in crystals the index depends upon theror;entatlon of vib-
ration w1th respect to its axis. ' p

Certain materlals, notably plasthS, hehave homogenously
when unstressed but become heterogenous when stressed. The
change in index of refractlon is ‘a funct;on of the stress
applled 51mllar to the re51st1v1ty auithﬁ resistance change
in an electrical’ straln gage. g



When a pclarized beam (P) propagates through a transparent
plastic of thickness, t, where x and y are  the directions
of principal strains at the point under consideration, the
light vector splits and two polarized beams are propagated
in planes "x" and "y". (Figure 2)

PLANE POLARISCOPE FIGURE 2



If the strain intensity along "x" and "y" is ex and ¢

_and the speed of the light vibrating in these directions

is Vx and Vy respectively, the time necessary to cross

the plate for each of them will be t/V, and the relative
retardation between these two beams is: o

Brewster's Law established that: "The relative change in
index of refraction is proportional to the difference of
principal strains", or:

‘(nx - ny) = K (eg - ey)

The constant K is called the "straih-optical coefficient"
and characterizes ‘a physical property of the material. It

is a dimensionless constant usually established by cali-
bration and may be considered similar to the "gage factor"
of resistance strain gages. Combining the expressions above,
we have:

$

tK (ey - ey) in transmission

§ = 2tK(ey - in reflection polariscope
(light passes though'the plastic twice)

Consequently, the basic relation for strain measurement
u51ng the photoelastlc coatlng technlque is:

IR .
2tK

ex"ey-—

"Due to the relative retardation §, the two waves are no
longer simultaneous when emerging from the plastic. The
analyzer A will transmit only one component of each of these
waves (that is parallel to A) as shown on Figure 2. These
waves will interfere and the resulting light 1nten51ty will
be a function of:

the retardation § . '
the angle between the analyzer and direction of

principal stresses (8 - a)

'
M

In the case of a Plane Polariscope, the intensity of light
emerglng will be (Lever B on instrument set at "D" position):

2 186

I = az sin2 2(B - a) Sin =



Adding quarter-wave plates in the path of light propagﬁtion,
transforms the instrument into a "Circular Polariscope .
(lever B on instrument set on "M" positien). The emerging

light intensity is now lndependant of the direction of
principal stresses-

I = a2 sin? %? (See Figure 3)

CIRCULAR POLARISCOPE lFIGURE 3’

7



Once. 6 = Ni.-is-known, -the-strains are:———-—-——~—=—"" -

The expre551ons shown above basically’ descrlbe the function
of a polariscope. 4

In a "Plane Polariscope", directions of the principal stresses
are measured. The light intensity becomes zero when 8 - o = 0
(see Figure 2), or when the crossed polarizer-analyzer is
parallel to the direction of prlnc1pal stresses,.

In the "Clrcular Polariscope", the light intensity becomes
zero when § = 0, § = 1x, § = 2x . . . . , or in general:

e § = N
Where N.is 1, 2, 3, etc.

This number N is also called frlnge order and basically it
expresses the size of §. The wave length is selected:

A o= 22,7 % 1078 in.

~

The retardatlon, or photoelastlc s1gnal lS 51nply descrlbed
by N. - As -an example,-if N = 2: -

(6§) Retardation = 2 fringes
or & = 2

or s

2 x 22.7 x 107 in,

=% =NA =Nyt

€
Y | 2%x 2tK

where f contains all constants and N is the result of measure-

ments.
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SECTION 1

BASIC ANALYZER

DESCRIPTION AND ASSEMBLY

DESCRIPTION

The' Basic Analyzer, Model 031, consists of two ball-
bearing mounted Polarizer-Quarter Wave Plate Assemblies
attached to a common frame, and mechanically connected
s0. that they rotate in unison (See Figure 4). The
assembly (1) is equipped to receive the special light
source (3), and the assembly (2) is provided with

~measurement scales., The instrument is also equipped

to accept many new accessories which greatly increases
the versatility of the instrument and permits any
photoelastic coating task to be accurately performed.
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The Basic Analyzer measures three major pieces of data:

. The directions of the principal strains or stress
The magnitude and sign of the tangential stress
at free boundaries, or in any reglon of uniaxial

: stress condition

3. The magnitude of the difference of the principal

strains or stress in bi-axial state

N

The instrument may be hand-held or mounted on a tripod.
The hand-held feature is used to inspect areas for
possible detailed analysis by quickly scanning the entire
test part. The portable operation is also used when a
large number of point by point measurements are to be
‘made on a structure, and for analyzing hard-to-see areas
where a tripod would be awkward. In other cases, when
attention is concentrated on only a few areas, or when

a laboratory test is being conducted on small parts,

the instrument will usually be mounted on the tripod.

ASSEMBLY

To prepare the polariscope for operation by hand or on 1ts
~tripod, proceed as follows:

1.) Remove the polariscope, light housing, and handle
o from the instrument case.
2.) Dust off the meter unit, using a soft tissue or
‘ " cloth wet with alcohol.
- 3.) Mount the light housing on the meter by engaging
: the holes in the mounting brackets to the pins
fixed to the polarizer frame. Adjust the angle

to a slightly convergent position for normal
‘incidence measurements (See Figure 5).

4,) Place the bulb in the rear position. The normal
life of the lamp (type DFA TRU-FOCUS Base 150W,
120v, TL2) 4is 15 hours,

5.) Extend the legs of the tripod to the desired

' length and lock them tightly if the instrument
is to be used on its' tripod.

6.) Mount the handles locking the tripod platform.
‘Note: The handles are not identical; the longer
one is used to control the forward tllt the
shorter to centrol lateral tllt

7.) Place the analyzer dlrectly on the tripod plat-

. .+ form and mount in place using the 1/4" -20 thread

" screw prov1d d.

" 8.,) Attach the meter to the grlp -handle for hand-held

operation. { ,




SECTION 2

MEASUREMENT OF DIRECTIONS OF PRiNCIPAL STRAINS

INTRODUCTION

The principal strain directions are always measured with

reference to an established line, axis, or plane. There-

- fore, the initial step for the determination of the dir-
‘ection of principal strains (or stresses) will be to

select.a convenient reference. 1In most cases, the re-
ference direction is suggested immediately, like an axis

of symmetry of the test part or structure; in other cases,

a vertical or horizontal line will suffice,

MEASUREMENT OF DIRECTIONS‘AT A POINT

awhen the dlrectlons of the pr1n01pal strains ey and ¢

are to be measured at a point, “the following procedure - -

shall be followed:

1.) Aésémble the instrument, as discussed in Section 1.2.

parallel or perpendicular to the selected reference
direction. Consequently, with the direction arrow
reading 0°, the axes of polarization will be para-
llel or perpendicular to’ the reference.
5.) With the direction and compensatlon scale on the
meter set at zero (Flgure 5), check the unloaded
" part for an initial pattern which may be due to
improper application of the plastic, or stresses
.created during the test assembly operation, 1If a
colored pattern appears, a zero reading should be
~ . obtained before loading (Section 5, Part 5.1).
-~ In most cases, however, the plastlc on the unloaded
part will appear black or dark bluish, and a zero
. reading will not be necessary.

';6:)>"Proceed with the loading of the part (if possible,

incremental loading is recommended).

2.) Connect the light source to a 110 volt outlet and
L switch the light on.
3.) Direct the light beam toward the point of interest
on the part or structure being studied. The suggested
= = ~distance-between. the instrument and the sterved
: areas is between 1 1/2 feet and 8 feet. T
~4,) Orient the instrument so that one of its axis is

)




7.). Move knob "B" from "M" (magnitude) to "D" (dlrectlon)
position (See Figure 5). This aligns the axes of
the quarter-wave plates parallel to the direction
of the polarizer and analyzer, and the meter is
transformed from a "circular" to a "plane" polar-
iscope (quarter-wave plates are optically removed
from field). _ _

8.) If measurable strains do exist, a pattern of color
and black lines (or areas) will be observed. The
bands of equal color (isochromatic fringes), will’
be discussed in measurements of magnitudes of strains
(Section ‘3). The black lines or areas, are of primary

..interest to us in this discussion and they indicate:

1. Areas of zero shear strain ey - &y = 0 (& = 0)
2, Areas of equal direction of principal strains

Along such a black llne -the direction of pr1n01pal
strains (or stresses) is the same as the axis of
polarizer-analyzer. In order to differentiate be-
tween these two cases, loosen the lock located on
handle "H", rotate the polarizer- analyzer assembly
and observe any black areas or lines in the field.
Upon rotation, any areas or lines that remain black
ahd stay in a fixed position are those places where
the difference of the principal strains is zero.
The black lines which move as the rotation is pro-
gressing are termed "Isoclinics", and are used to
determine the direction of the principal strains
€y, and e,. At\every point on a isoclinic line,
the directions of the principal strains are the
same. These dlrectlons are shown by the angular
position of the polarlzer and analyzer (arrow "A"
on Figure 5).
9.) With a grease pen01l mark a cross on the plastic
. coating defining the point of interest on the tes't
part, and 1dent1fy the marked point with a letter
or number.
10.) By means of handle "H", rotate the polarizer—analyzer
: until a black line (Isoclinic) crosses over the
marked point. Now, the axes of the polarizer and
.analyzer are paralle% and perpendicular to the dir-
~ection of the pr1nc1pal strains ey, and e, at the
. point, and their position with respect toO the
selected reference is shown on the meter (Figure 6).
- The arrow on the meter shows the rotation in degrees
" of the polarizer-analyzer assembly with respect to
the reference line on the part, and indicates the
.direction of the pringipal strains.

- 11 -




stressed

part, »
coated £,
€p,
: : P A : .
At every point where P - A are | When P - A are not parallel, the
parallel to the principal stresses, light is transmitted and colors are

a black line is observed. ) seen.

[FIGURE 6
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When bringing the isoclinic to the point of measure-
ment, the polarizer-analyzer rotation may be either
clockwise or counter clockwise., Therefore, in order
to record the data without ambiguity, the angular
rotation must be. accompained with the correct sign.
The clockwise rotation is con51dered positive and
counter clockwise negatlve

MEASUREMENT OF DIRECTIONS OVER LARGE AREAS

In many cases it is necessary to know the directions of
the principal strains over the entire area coated, in-
stead of at individually selected points. The initial
procedure is to repeat steps 1 through 8, as previously
described, for determining the prinpcipal strain direct-
ions at a point. After completlng step 8 proceed as
follows: :

" 9.) By means of handle "H", rotate the polarizer- .

‘analyzer assembly to the angular positions 0°,
15°, 30°, 45°, 60°, 75°, and 90°, asﬁlndlcated
by arrow "A" onfthe meter (Figure 5). At each
angular position, the black isoclinics will be
-observed in a different location (except for the
90° position .which will be the same as that ob-
served at 0°),. -

10.) With a grease pencil, trace the isoclinic lines
directly on the part at each angular position, and
assign to each line its corresponding direction as
indicated by arrow "A" on the meter.

.11.) After the isoclinics have been traced onto the

plastic, transfer their positions onto onion-skin
paper. The isoclinic recording can also be
accomplished by photography, which is a faster and
accurate technlque The photographic procedure
follows: ' S

a. Install the camera and obtain a photograph for
each isoclinic at every angular’ pOSltlon Be-
fore taking each photograph, mark in a con-
venient location in the field of view, the
corresponding angle for identification. Also,
be careful not to alter the position of the
camera from frame to frame. A color film

. that directly yields slides should be used.

b, - Next, project the slides of the isoclinics '
(0°, 15°, 30°, etc.) one by one on a plain sheet
of paper, and then carefully trace the isoclinics
on the paper as each slide appears.




12.) Following the tracing of the family of isoclinics
on paper, the isostatic flow lines can be sketched,
these lines reveal the directions of the principal
strains ex and ey at every location of the coated
part. Figure 7 1llustrates the photographs of the
isoclinics in a ring subjected to diametral com-
pression, and Figure 8 shows how these isoclinics,
from a segment of the ring, were transferred on
paper from which the isostatics or principal strain
directions were constructed.

If the isoclinics are sharp and narrow, it means the
directions of ex and ey are varying rapidly from

one location to another. If the isoclinics are
‘broad black bands or areas, the directions ex and ey
are varying slowly and the boundary surrounding

‘the whole isoclinic should be marked (not merely

the center). 1In the case of the tensile specimen

of constant cross section an isoclinic will be

seen over the entire area when the axes of polar-
ization coincide with the axes of the specimen,

. ...since_the. -direction-of -ex

- 14 -
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ISOCLINICS
locus of points of equal direction

flow lines

FIGURE 8
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SECTION 3

MEASUREMENTS IN NORMAL INCIDENCE-INTERPRETATION OF
STRESS DISTRIBUTION

INTRODUCTION

‘Experimental stress ahalysis is not always reduced to

measuring the magnitude of stress. In fact, the ability

to see and interpret the complete stress field is one

of the important time and money saving advantages of
the photoelastic coating technique. If the part being
stress analyzed is being done so because of actual
service failures, the display of the complete stress
distribution on the part will usually offer suggestions

on how to modify designs to prevent failures. Similarly,

the analysis of the complete stress distribution in pro-

totype parts could prevent potential design errors, which
if not corrected, may result in expensive repairs during

service operation.

The photoelastic pattern also ylelds valuable design
information, on how to modify the part to make it

lighter, and at the same time less stressed. In addition,
the visual stress display shows the relative importance

- of various load modes applied. Often such design in-.

formation is revealed not by highly stressed areas, but

. by low stressed areas where material could be removed.

After learning how to interpret the overall stress

' dlstrlbutlon, measurement of the magnitude of the stress

is then accomplished at the points of interest by the

-methods described hereln

BASIC DATA ON PHOTOELASTIC MEASUREMENTS

When a coated specimen is subjected to stresses, the
surface strains are the same in plastic as in the coated
parts:

Exs €y are principal strains in plastic (and metal)

‘B is the direction betweeh ex-and selected reference




The stresses in the part are established from strain
in the elastic range by Hooke's Laws:

E

ox = ﬁz’ (Ex + uey)
E .
oy = =7 (ay + pey) - )
u .
and
Ox = Oy = —E— (ex - ey)
1+p

At every point we receive the photoelastic signal, which
is the retardation between two light beams, one polarlzed
ex,_the other along eyt

§ = N\ = 2tK’(sx - €

_ [ L

where § is the retardation (in.)
A is the wave length (in white llght A = 22.7 x 10
N is called "fringe order" which we are measuring

=% in

The measured number N is then used for all the'data reduct- o
ion: . . ®

The "fringe value" f is obtained from the plastic applied.

e o A _11.35 x 107°
 2tK t K

where t is the thlckness of coating (1nches)
K is the sensitivity of plastic, supplied by -
the manufacturer (for K of various plastic,
see Bulletin P-1120)

The difference of principal stresses in the structure is:

,.Ox - Gy = (ex - y) l+u = T

‘Note that in NORMAL INCIDENCE measurements, the quantity
‘measured is the DIFFERENCE OF PRINCIPAL STRESSES Ty = Oye

y




-

In many practical applications (edges, uniaxial field,
corners, long beams), one of the pr1nc1pal stresses 1is

Zero. In all those cases we have
— fE
o= N

-In the case of a biaxial stress field two measurements
- are needed to determine the individual principal stresses
" 0x and oy (See Section 4 on Oblique Incidence Measurements) .

:INTERPRETATION OF PHOTOELASTIC PATTERN- IDENTIFICATION OF
FRINGES

The photoelastic pattern appears as a colorful map of
lines of equal color (isochromatic lines or finges).
Every equal color line represents a constant level line
of N (or 6 = N x 22.7 x 10~® in,).. The first logical
step in analysis is to assign to those level lines their
order (example N =1, 2, 3, etc.) to identify fringe
orders. : '

The following experiment w1ll greatly 51mpllfy the under-
standing of identification of frlnges-

EXPERIMENT FOR ILLUSTRATION OF PHOTOELASTIC READING AND
INTERPRETATION OF STRESS DISTRIBUTION ‘ o

Prepare. an aluminum cantilever be§m-l/8"Ix 1" x 10" long
for analysis by coating the beam on one side with Photo-

lastic Plastic Type PS-2 (1/8" thick). Next, clamp the.

beam, coated side up, to the edge of a bench or table.

On the other end, hang a 5 pound waght u51ng a wire or
cable (See Flgure 9). Set-up the instrument so that the
polarizer-analyzer assembly is looking down on the coated
beam (the handle "H" being allgmed with the long axis

of the beam).. Now set all dialis of the analyzer on zero
and move knob "B" to position "M" (magnltude) setting
(See Figure 5). Make sure the beam is illuminated by

‘the light coming from the 1nstpument

The retardatlon is increasing- groportlonal to the stress.

~Every tlme the retardation isi: *

- § =1, 27, 31 . . 4 x 2,

‘a particular wave disappears and the complementary color

is seen. As an example, when § = 25 x 10~® in., (8§ = 2

- red), red disappears and green; is observed.
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blue or red and green color.

The following table explains the sequence of color ob-
served: ’ . )

RETARDATION COLOR
1076 1IN, OBSERVED N
0 - " Black . ' 0
12 B Yellow
18 _ Red
?2.7 ' *1st Fringe ' 1
éS‘ : .- Blue-Green
35 Yellow
40 Red |
45_.44' ¥2nd Fringe 2
50 E Green |
57 Yellow
63 Red I
~———%8.1 |  *3rd Fringe ' | 3 |
73 Green |

A

Observe the colored pattern appearing on the cantilever
beam and compare the color sequence to that described

above and shown in Figure 9. Note how the bands of

color change progressively from the lpaded end of the

beam (zero stress) to the clamped end (high stress). The
color sequence observed is black, yellow, red, blue, yellow,

. red, green, yellow, red, green. The color transition from

the red to the blue (lst Fringe) and from the red to green

(2nd and 3rd Fringes) is sharply marked.

Now starting from the black area where ey - ¢, = 0 (loaded.
~.edge of the beam), trace a line with a grease” pencil at
.the 1lst, .2nd, and 3rd fringe locations. Note that the

. first fringe falls between red and blue, but in the sub-

sequent higher order fringes, the blue color disappears

and 1s replaced by green. Repeat the exercise several

times tracing the line so that it is between the red and

- 21 =



The fringes are related to

increasing strain &s follows:

EXAMPLE: t

(]

100y £ = 757y /

K .15
Along the black fringe N=0| ey~e,=0 ‘ ex—€y=0 '
Along the first fringe N=1 ex—ey=fu"/" EX-€y=757U"/u‘
(RED-BLUE) -
Along'tﬁe second fringe | N=2 €y~ €y 2fu"/w ex—ey=1514u"/“
(lst RED-GREEN).
Alonglthe.third fringe N=3 ex—€y= 3fu"/u sx—ey=227lu"/"-
(2nd RED-GREEN)

This type of situation tells us that the strain is be-

- important step, ‘
- distribution..on-a-test -structure—is—straightforwards — — =

" 2nd must be in between).

--strain:
“the colors go green- red-yellow-green-red-yellow, then

One can now see the significance of being able to recog-
nize fringe orders. Once we master.this first and very
the initial study of theée overall strain
The fringes are continuous bands (occasionally dots)
ending at boundaries or making continuous loops. They
do not intersect at any point. They follow in continuous - i
sequence (if the 1lst and 3rd orders are observed, the '
Once one fringe is recognized
follow toward increasing strain
(yellow~red-greeén), and locate the 2nd then the
etc. Always remember the sequence for increasing N
- ~yellow-red-green=yellow=red=green . . . If — =~

(usually "0" or 1lst),
level
3rd,

T

the strain is decreasing. In case doubt remains con-

‘cerning the-correct 1dent1f1catlon of the integral : o 5

order fringes, use of the Models 032 and/or 232 Com-~ ' :
pensator (Section 3.4) prov1de a means for positive
1dent1f1catlon.

If the fringes are observed as tightiy’grouped loops
confined to a single area (such as would be found at a-
notch or sometimes around holes), it means that the

.strain varies rapidly from one point to another resulting

in a stress concéntration. On the other hand, a single ,
uniform color may:cover a vary. large portlon of the test

part, or in the’ case of a tenslle specimen ideally aligned,
the entireé surface of the part will exhibit a solid color.

having unlformly over the, entire area, nelther 1ncrea51ng

'or decreaslng Lrom one p01nt to another.



In summary, the stress distribution can easily be studied
by simply being able to recognize. fringes, their absolute

“ order, and location with respect to one another on the

structure or test part being analyzed.

MEASUREMENTS AT A POINT -

It has been shown that in the first step of measurement
one is observing the whole area and assigning to every

fringe its order (N =1, 2, .3, etc.). At every point of
.a fringe, N is then known and therefore: »

€y ~ ey = f x N

In general, the point of interest on the structure will

fall between fringes, and it will be necessary to est-.’

.ablish "fractional order" or fraction of a fringe. The

technique used is called "compensation". Two basic
methods are used: o

_ 1) TARDY COMPENSATION using the rotatable analyzer
© built into the 031 Instrument. ,

'2) ABSOLUTE COMPENSATION or null balance, using -
Compensator Models 232 or 332, ,

TARDY COMPENSATION

The Tardy Compensation is a relatively fast and simple
method. However, the method requires an experienced
operator to be fool-proof, and if the rules that are
given below are not followed exactly, serious mistakes

‘are made. The principal of the method is shown on

Figure 10.

WHEN THE POLARIZER AND ANALYZER ARE ALIGNED WITH THE
DIRECTION OF PRINCIPAL STRESSES, AND THE .QUARTER-WAVE
PLATES ARE AT 45° ("M"™POSITION), A ROTATION o OF THE
ANALYZER WILL MOVE A FRINGE “FO.A POSITION WHERE THE

 FRACTIONAL ORDER IS _2 _ (TARDY COMRENSATION) .

180



polarizer:

circular
light

analyzer

3.3.2 ° OPERATIONAL PROCEDURE: . HOW TO_MEASURE FRACTIONAL ... ‘. -.

FIGURE 10

-~ FRINGE ORDERS USING TARDY METHOD

Prepare a cantllever beam test sPec1men (See Section 3. 2).
Load the beam with a 5 pound weight, and set-up the in-
strument to observe the beam as described previously. This
specimen will now be used to illustrate all the operational
steps necessary to measure fractjional frlnge orders using
"Tardy Compensation:

. l..

2.

Switch the instrument to the "D" position by means
of lever "B" (Plane Polariscope set-up).

Unlock the knob "H" and rotate the Polarizer-Analyzer

Assembly until an 1so¢llnlc gomes to the point of

gneasurement As. explqlned before, the isoclinic

is- a.black line or arga, and its thickness depends
only on the variation ‘of dlrectlon In the canti-
lever beam experlment the 1spclln1c will cover the
whole beam, since dlrectlons are uniform,
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When step 3 is completed, the handle "H" is aligned
with direction X of principal stré€ss oy. The stress

oy is perpendicular to it. The arrow A reads the

Angle B8 between the reference selected and dlrectlon
X. v .

NOTE: 90° rotation of polerizer will once again
bring the isoclinic to the point.

One can, therefore, choose either one of the prin-
cipal stresses as direction X.

Once step 3 is completed, tlghten the knob H. Switch
the lever B to "M" position (CIRCULAR POLARISCOPE).

The isoclinic fringes are now eliminated, and a color—
ful pattern appears. Recognize fringes and assign

to every fringe its order. Trace with a grease pen-
cil fringes 0, 1, 2, 3, etc. In many practical appli-
cations, the recognition of fringes is simple. Some-
times the Compensator Model 032 or 232 should be

- used, as explained later. Choose on the cantilever
- beam a point between fringe 1 and 2. In most cases,

the point will be between n (lower order) and n + 1
(higher order). Mark the point by tracing a thin

 cross (+) directly on the plastic using a scriber

or grease pencil, B
Rotate the analyzer clockwise by means of knob C.

The fringes will move, Observe the motion of fringes
carefully. . The clockwise rotation of the analyzer
rotation is graduated on the scale 0 to 100, Rotate
until a fringe -arrives at the selected point- of
measurement {red on one side, green on the other-
side, see Figure 11). Read directly the fraction r
as shown on the compensatlon scale (in hundreds of

a frlnge) '

If-lower order fringe moves to the point (fringe n),
the total reading will be:

=[n + fraction] =([n +.r]aﬁd N >0

+ If higher order: fringe moves to the point (fringe n + 1)

the total reading will be:

N = - [(n+ 1) - fraétion] = - [n+ 1 - r] and N < 0

- 25 -
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In either case: €y — ey = N x f

g,, = Nf ;E_
b4 l+y

(On the cantilever beam the "first" or lower
order fringe n will move to the point and’
therefore the total reading will be N = n + r
a positive number.) '

*

'NOTE:

IT IS VERY IMPORTANT TO RECOGNIZE AND UNDERSTAND
THE SIGN CONVENTION USED WHEN OBTAINING NORMAL
INCIDENCE MEASUREMENTS AS DESCRIBED ABOVE. THE
MOST 'IMPORTANT POINT TO REMEMBER IS THAT ey IS,
NOT NECESSARILY THE GREATER PRINCIPAL STRAIN

OR LARGER THAN ¢,. '

ACCORDING TO THE SIGN CONVENTION ESTABLISHED,
AFTER BRINGING AN ISOCLINIC TQ THE POINT OF
INTEREST, THE HANDLE "H" IS DEFINED TO:BE
ALIGNED WITH e, WITHOUT REGARD TO THE FACT
THAT e, MAY NOT BE THE GREATER PRINCIPAL STRAIN.
. REMEMBER IN NORMAL INCIDENCE READINGS, WE ARE
PRIMARILY CONCERNED WITH THE SIGN OF THE
DIFFERENCE OF e, - AND NOT WHETHER ey IS
GREATER THAN ey OR “Y1CE-VERSA. THE SEDARATE
VALUES AND SIGN OF THE INDIVIDUAL PRINCIPAL
 STRAINS ex AND ey WILL BE DISCUSSED UNDER
OBLIQUE INCIDENC% MEASUREMENTS -IN SECTION 4.

A typical example of the 51gn convention used can be
demonstrated with the cantilever beam. First, align
the handle "H" with the long aXlS of. the beam. Now
rotate the compensator in a clockw1se direction "and
bring the lower order fringe to the point. (With our
set-up, we will observe the lst ﬁrlnge mov1ng to the
point.) Since weé already know that ox is the long-
itudinal stress at the point (ox is tensile) and the
transverse stress is zero, we will read (ox - oy) or
(ox - 0), a positive number. Now if we rotate handle
"H" 90° so that it is perpendigular to the beam, and
if we again rotate the compensator clockwise, the

,_ h1gher order or 2nd fringe w1ll move towards the

- point.  In this situation, we are reading (ox - oy) or
- (0 .- a negative number " Obviously, both measure—
ments Kave the same magnitude but opposite sign.




To summarize, the procedure for measuring the difference
of the principal strains at a point by ‘the Tardy Compen-

sation Method follows:

1. Trace a cross at the point or identify the point
by some other means, or to the direction of the stress,
2. Determine the position of fringes n and n + 1
‘ . around the point. N
- 3. Bring a isoclinic to the p01nt and establish ey
as being parallel to the position of the handle
"H". Read the direction B (in degrees) of e
to the selected reference.
4.  Rotate the compensator clockw15e to bring a
fringe to the point and read the fraction "rxr"
: on the scale.
5. If the lower order fringe (n) moves toward the
point, the total reading will .be:

N = n + r (positive)

. If the higher order frihge (n + 1) moves toward
the point, the total reading will be:

L N o= - [(n £ 1) - rl (negative) . . _. .. __
- and
€x = €y = N x £
e E
o Oy, = Nf ——
X b4 1+yu

MEASUREMENTS IN UNIAXIAL STRESS FIELD AND ANALYSIS OF
THE PRINCIPAL STRESS ACTING TANGENT TO A POINT ALONG
A FREE BOUNDARY USING TARDY COMPENSATION

The sign and magnitude of the principal stresses in
uniaxial field and also at a free edge or boundary

can be determined directly under normal 1nc1dence since
one of the stresses acting is zero.

The procedure is .as follows:

1. Bring an isoclinic to the point of interest, The
handle "H" must then be parallel to the boundary

.. at the point.

. Move knob "B" back to the "M" position.

Identify fringes (n) and (n +-1) on either 81de

of the point.

w N
L



Rotate the compensator in a clockwise direction.
If the lower fringe order (n) moves toward the

point of measurement, the sign of the stress is

positive and the total reading will be N =

n + xr,.

If the higher order fringe (n + 1) moves toward
the point, the sign of the stress is negative and

the total reading wi

11 be N == [(n + 1)

In either case, the stress will be:
oo = NE E  (+ tension )
x I+u (- compression)

- r].

”Remember, direct measurement of the individual
principal stresses in biaxial state of stresses
can only be obtained by the addition of oblique

. incidence measuremen

' ABSOLUTE COMPENSATION -

ts (See Segtion 4) .,

MEASUREMENTS USING NULL -

- BALANCE METHOD

The principal of Null
Balance Method is con-
siderably simpler, than
the Tardy Method. To
measure a photoelastic
signal at a point, we
simply add to the light
path an identical cali-
brated signal equal in
size but opposite in
sign (See Figure 12).
By doing this, the
photoelastic signal

at the point is com-
pletely cancelled to
read zero. This method

Null Balance

petect
. g (V) - — | 2e0
. Be MeasuéC ' o —
Sl!“a‘ TO i :
—_—— COMPENSATOR .
T e~ — : ADDS (—N) :
—~— — .
N | 1.
Signal )
‘ =
a
| FIGURE 12}

completely eliminates the need to recognize fringes or

assign orders.

BLACK 1is restored_at the

point.

When the calibrated compensator adds
- the opposite sign equal signal, the total is zero, and



LINEAR COMPENSATOR, MODEL 032

The Compensator Model 032 consist of a wedge sliding
in a fixed frame which is attached to the instrument
as shown on Figure 13, - The frame contains a.window
through which the part is observed. As the compen-
sator slides in its frame, the fringes move on the
specimen and numbers appear in the window. From a

‘calibration chart (Figure 14), the signal N that the

compensator adds is established. Since every point

of the compensator exhibits a different N (N is.
varying linearly from one end to another) a "parallax"
effect exists and for this reason, the linear com- °
pensator is used mostly for 1dent1f1catlon of frlnges
only as- an auxiliary tool to the Tardy Method.

[FICGURE 13|

MODEL 032
LINEAR COMPENSATOR
';CALIBRATIONVCHART
| Reading . Fringe
pn Scale Order (N)
.50 - 1
1.20 - . 2
1.90 3
2.60 4
L[FIGURE 14]



" To use the Linear Compensator for identifying an un-

‘known fringe order at a point, proceed as follows-

1. Engage the compensator in its mount provided
on the analyzer frame (See Figure 13).

2. Determine the direction of the pr1n01pal
strains at the point of 1nterest as descrlbed
in Section 2, Part 2.1.

3. After brlnglng the isoclinic to the point,
lock the handle "H" in position and move the
knob "B" back to the "M" (magnitude) position.
Note that the handle now is aligned with x '

~direction and the compensator with y direction.

4. Now observe the fringe at the point through

"the normal field of view. Next, observe the
point through the compensator Openlng, and
push the compensator in its slide (from right
to left) until a black fringe appears at or
near the point. Read the scale on the com-
pensator and establish N from the compensator
calibration chart.

5. The ¢ompensator fringes are positive. If

.0y, = 0, 1S also positive, the compensator
will agd instead of subtract and no balance
is possible. 1In this case, turn the handle
"H" 90°, and repeat 0peration. Note that
compensator will perform only when:

> | UNIFORM FIELD COMPENSATOR, MODEL 232

*.The basic principal of the compensation is the same as

described above, e.g. NULL BALANCE Method. The uniform
field of the Model 232 Compensator eliminates parallax
errors and provides better resolution than other com-
pensation methods:

-It eliminates the need of recognizing fringes as
in the TARDY Method
-It eliminates parallax errors

-It provides a numerical readout on a counter, from
which the total readlng N is determined, eliminat-
ing all possibble mistakes of other methods.

- 31 -




To measure N using the Model 232 Compensator

as follows:

‘1)

2)

3’

‘compensator window

Attach the compensator
to the polariscope on
mount provided and
tighten the attach-
ment knob (See Figure
15). Make sure the
analyzer ring is set
on zero on the frac-
tional order scale.
Switch the lever "B"

.to "D": position. Re-

lease the knob "H"

and rotate the polar-
izer-analyzer assembly
until an isoclinic
crosses the point _
where the measurement is
to be made.Read the dir-
ection angle B. = The

‘handle- "H" peints -now—

in x direction (oy)
and the long axis of
the compensator is in
y direction.

Switch the lever "B" back to

are now eliminated
and colors are seen.
Looking through the

onto the part, ob-
serve the pattern.
Turn the knob to-
wards you, driving
the compensator,

and observe the
fringes moving. Con-
tinue turning until

a black fringe covers
the point of measure-
ment. The "Null
Balance" is achieved
and the N of compen-
sator is equal and

‘oppdsite sign to N

on the specimen (See
Figure 16).

" Mu

position.

proceed

Isoclinics

(photoelastic -
effect cancelled)




4y

‘From the calibration

4=

Read the counter.

chart read N (See D ==
Figure 17). Since
the sign of compen-
sator and part are 1 =
opposite, we have:

w
"Fringe Order -
(N)

Digital Readout

(cx = ey) = - Nf 0 T
y fE o 50 100 150 200 250

ox = oy) = =N 1 [FIGURE 17]

Remember that the compensator fringes are positive,
and if ey - ey 1s also positive, the compensator

" will add instead of subtract, and NULL BALANCE will

not be possible. In this case, turn the handle "H"
90° and repeat the operation. .

'EXAMPLE: Set the cantilever beam up for analysis

as previously described and align the
handle "H" parallel to the long axis
of ‘the beam., ' In this position ey, - €
will be a positive number. Next, loa
the beam and observe the fringe pattern
(at a selected point) through the normal
field of view. Now, rotate the compen-
sator knob until another fringe crosses
the point. The pattern through the
~compensator will now be observed as one
fringe order higher than that observed -
without the compensator. Next, rotate
the handle "H" (counter-clockwise) so
its position will be perpendicular to
the beam (e, - ¢,, will now be a nega-
tive number). Ngw, by rotating the
compensator knob and viewing the same
point through it, a black fringe will
- be observed moving toward the point.
Thus, in the first case, we added fringes
to the initial pattern, and in the latter
case, we subtracted fringes from the in-
itial pattern. - :
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NOTE:

1. As the counter reading is increasing, N in com-
pensation increases.

Looking at a point where (o, - oy) > b, we will be
adding N and the sequence of the colors will be:

Yellow-Red-Green-Yellow . . . .

Looking at a point where oy - 6y < 0, the se-
quence of colors will be:

Yellow-Green-Red-Yellow-Black -

2. The resolution of the Model 232 Compensator is
, approximately 1/50 of a fringe (¥ 1 digit).
3. The 232 can also be used in conjunction with
- the Tardy Method to improve the resolution of
the Tardy Method in difficult to read areas.
In case of N < 1, set the 232 Compensator on
N =1, It will than add 1 fringe to the field S
“and improve the resolution. , ;

The newest compensator developed by Photolastic (Model
332) provides a direct digital readout of the strain in
micro~-inches per inch when the NULL BALANCE is achieved
at the point of measurement (See Figure 18). This unit
- 1s also available with a printer system (Model 432)
which "prints out" the Point Number (2 digits). Strain
» direction angle (2 digits), and the strain magnitude
(4 digits). _ . . e .

LN

wRbi 22
DIGITAL
STRAIN
INDICATOR

.[?IGURE 18]
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SECTION 4

MEASUREMENTS IN OBLIQUE INCIDENCE

" INTRODUCTION

In the previous sections covered in this manual, it has
been shown how to obtain the magnitude of the difference
of principal strains and their directions with respect
to some reference axis using normal incidence light.

In certain cases, however, a more complete analysis‘
is required that necessitates separation of the two
principal strains, and obtaining the individual values

of each. To accomplish this a second reading is re-

" quired, and that readlng must be taken with oblique

incidence light.

By oblique incidence, we mean that the light from the
polarizer traverses the photoelastic coating at an-
angle and the birefringence measured depends on the
secondary principal strain in the plane perpendicular
to the light path. Thus, an oblique incidence reading
combined with a normal incidence reading provides us
with the necessary information for determining the
separate values and directions of the principal stralns

'ex and Ey.

'nDESCRIPTION OF OBLIQUE INCIDENCE ADAPTER MODEL 033 AND
. ASSEMBLY TO BASIC ANALYZER :

The Oblique Incidence Adapter for use with the Photolastic
Analyzer has a fixed mirror angle which provides for
simplified data reduction.

In addition, the unit's special design permits accessability
in corners and fillets of the test part where separation

of the principal strains is most desirable. The unit

also telescopes for varying point to instrument distance.
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‘It is easily attached to the analyzer by a simple
locking device as shown in Figure 19.

Se i

FIGURE 19]

4.2 BASIC EQUATIONS

Figure 20 shows the path of light emerging from the
polarizer, reflected by the oblique incidence mirror,
travers1ng the photoelastic coating, reflected back
to the mirror, and finally back to the analyzer. By
referrlng to detail A of Figure 20, we can see that
there is an angle 8‘between the normal of the surface
- of the test piece and the light rdy. Thus, the measured
fringe order at this point will depend on the angle 6,
and on the strains ex1st1ng at the point as expressed
by the formula: '
- 1

Ne = F (AEX - BCY)

- If angle @is small, then A =.B =f;, and the equation
. reduces to that used for normal incidence measurements:

= 1 '
Nnormal = F (ex - Ey)



11 1h
- : = - - acoclrees —
g —
1
—g@ 1+ < ~ - — ]
I
3
-
~ %
I
I 5 |
= - /,,:;' DETAIF A
~
—
| A.B

- . ) Y. =.40
' ‘ ) Ve=.36
'y,=.32

0’ @0
hY, =32

i . ‘V‘_=.36 ’
Y g —t Y. = 40

'[FIcurE 20]
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When two readings are obtained, one in normal incidence

and the other in oblique incidence, the values of the
two principal strains are given by:

€x £ (1-5 Ne - Npormal).

n -

€ £.(1.5 Ng = 2Npoppmal)

Y,

Where the numerical values of 1, 1.5, and 2 are co-
efficients derived from the development of equations
for oblique incidence measurements (See Technical
Paper "New Oblique Incidence Method for Direct
Photoelastic Measurement of Principal Strains" by S.

'S. Redner, "Experimental Mechanics", March 1963).

The preceeding formula utilizing the coefficients 1,
1.5 and 2 is accurate for most of the commonly used
photoelastic coatings which have a Poisson's Ratio

of approximately .36. However, for some plastics,
such as high elongation coatings, the Poisson's Ratio
will be slightly different and correction factors will
have to be applied for more pre01se results.

" For thls purpose, we w1ll rewrite the equations to

read:

£x T £ (CNe B DNnormal)

v T £ (CNe —.ENnormal)

where C, D, and E represent_ the coefficients—for- photo-"‘

élastic coatlngs that have a Poisson's Ratio different
from most ordinary applications. . Most of the avail-
able photoelastic plastics have a Poisson's Ratio be-
tween the limits of 0.34 and 0.50, and the graph shown
in Figure 21, gives the numexrical substitution for C,
D, and E in the formula over these limits. However,
as previously mentioned, under most circumstances the
photoelastic coating used W1lL more than likely have

a (u) value close to .36, and the basic equatlon for
determing the values of €y and. ey w1ll be "valid. '

Once the principal strains have been determ;ned the

principal stresses can be foun@ by*

ox = _].-__E?. ex ,Z\f' uey?
E
oy = (e + ney)

where E and p are the modulus of elasticity and Poisson's
"Ratio of the test piece. '



COEFFICIENTS

2.50

2.00

1.50

0.50

|
O
|
l
|
L
|

For most applications, u of the coating will be
approximately .36, and the coefficients C, D,
and Ewill be 1.5, 1.0, and 2.0 respectively.

| FIGURE 21]
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MEASUREMENTS

The basic difference between the technique of measure-
ments in normal and obllque incidence is that-with
oblique incidence the axis. of polarizér and analyzer
must be maintained as follows:

1) parallel to the axis of symmetry of the mlrrors
of the oblique incidence adapter

2) parallel to the directions of the principal
strains at the point of measurement '

To satisfy the first condltlon, the handle "H" must al-
ways be maintained in the vertical position (direction
reading on dial = 0°), The second condition, align-
ment of the polarizer-analyzer assembly with the dir-
ections of the principal strains,. is accomplished by
rotating the whole instrument in its own plane until

an isoclinic appears at the point of measurement,

With the above two conditions defined, we can now proceed’
with making oblique incidence measurements according to.
the following step by step progedure:

1. Check the cleanliness of the oblique incidence
adapter mirrors and attach to the basic analyzer.
2. Rotate the polarizer-analyzer assembly by means
of handle "H" so that the arrow indicating dir-
ection reads 0° on the dial.
3. 5witch on the light source and observe the test
part in normal incidence. Mark with a grease
pencil the points of interest at which oblique
incidence measurements are to be made, and assign
identification marks to each point.
Rotate knob "B" to the "D" direction position.
Now .rotate the whole instrument in its plane
until an isoclinic appears at the marked point.
The axes of polarizer and analyzer will now be
parallel to the direction of the principal

(G20 -3
. .

strains at the considered point. (Note: These
axes will also be identical to the axes of sym-
metry of the instrument.) In the case of the

cantilever beam, the set-up will be as shown
in Figure 22,



[FIGURE. 22]

When step 5 has been cqmpleted, the handle "H" will
be parallel to one of the principal strains (ey).
Next rotate knob "B" bagk to the "M" (magni%ude)
position and obtaln a readlng in normal incidence
at the selected point by either the Tardy Com-
pensation Method or Nul% Balance principal as
explained in Section 3, :

Without changing the rotatlonal p031tlon of the
instrument, adjust the qbllque incidence adapter

so that the pointer locagted between and in front
of the mirrors almost t@uches the point of measure-
ment. Now, observe the:point through the mirrors
and measure the fringe prder in the exact same way
as for normal incidence (the same rule for deter-
mination of the sign agplles) .



NOTE 1:

The determination of the value N and its sign is
slightly more difficult under obligue incidence
since the observed area is considerably smaller.
Continued practice on the cantilever beam will
aid in making oblique incidence measurements

on more complicated parts. The use of the
digital compensator and Null Balance principle

for determing N in oblique incidence is by far

the most positive method to use and is strongly
recommended.

Once the readings in normal incidence Np and

in oblique incidence Ng have been obtained, the
principal strain values can be calculated by the
following formulas:

€

X f (1.51.\16 - Nn)

€

y f (1.5Ngy - 2Nn)

where ey is the strain in the direction of handle
IlHlI
ey is the strain perpendlcular to handle "H"
f* is the fringe value expressed in micro-
inches per inch per fringe

Npn and Ng are the fringe orders measured in -normal
and oblique incidence.

The principal stresses can be found in the elastic

‘range by:
ox = Té%z (ex + uey)
E
oy = = (ey + pey)

where E and p = modulus of elasticity and Poisson's
Ratio of the test part.

For steel where E = 30 x 10° psi, and u = 0.30, the

equations reduce to:

g, = 66.0 f’(Ne_— 0.82 N,)

* } in psi
66.0 £ (N, - 1.18 N )

oy



For alyminum where E = 10 x 106 psi, and p = 0,33,
the equations reduce to:

It

ox = 22.4 £ (Ny - .83 Np)
} in psi
22.4 £ (Ng - 1.17 Np)

]

Oy

USE OF NOMOGRAPH

A.rapid numerical solution of the equations:
ex = £ (1:5Ng = Np)

£ (1.5Ng - 2Np)

fy

may be obtained by using a nomograph (Figure 23). 1In
order to obtain the best resolution two scales are
provided. ‘Use of the nomograph simply involves draw-

'ing a straight line connecting the Np and Ng readings.

The intersection of this line with the ey and ey, scales
will give a number which multlplled by ‘the frlnge value
(f) gives the strains directly =~

Note: On the nomograph, if
0 < Ng, Np < 1.5 use left scales

1.5 < Ny, N, < 3.5 use right scales

n

3.3 =< Ner,;N <_15 use left scales—-

IMPORTANT: When using the nomograph, be careful to
watch sign of Ny and N, whether positive
or negative.

- 43 -
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SECTION 5

CORRECTION FACTORS

INTRODUCTION

If the photoelastic coating exhibits an initial color
pattern. prior to loading (Parasitic Birefringence), a

-correction must be made in all subsequent readings

taken during the test. Also, when a part is coated
with a layer of photoelastic plastic and is subjected
to load, the plastic coating carries a fraction of the
load, and the strain on the part is thereby reduced.
In most cases, the reinforcing effect of the coating

on the test part is neqgligible. (As on structural
parts like I, H, U, tubular and other beam members, .

thick walled parts, castings, etc.) However, in the

case of plane stress problems and plates subjected to

bending, a correction -in the reading is required so . S
that the experimental TYésults can be glven in terms of

" the uncoated part.

In other cases, when the temperature is changing during

‘a test, a system of stresses will develop in the photo-

elastic coating due to the difference in the coefficient
of thermal expansion between the test .part and coating.
If this happens, a correction factor must also be used
to compensate for the effect of- temperature change on-
the readings.

5.1 METHOD OF CORRECTION FOR PARASITIC BIREFRINGENCE

Under normal circumstances, residual birefringence in
the coating can only be produced by severe mishandling
of the plastic during or after application, and in such
cases, it is usually more convenient to strip off the
coating and apply a new one, rather than attempting to
make corrections for the existing residual stresses.

It is necessary, however, to point our a few cases where

. residual birefringence will unavoidably occur and where

readings: will have to be made by applying the formulas
given on page 47.



A.) RESIDUAL BIREFRINGENCE DUE TO THE TEST TEMPERATURE
VARYING FROM THE BONDING TEMPERATURE.
This parasitic birefringence due to temperature
will generally occur around the edges of the plastic
and will extend inside the coating by as much as
flve times the thickness of the coating.

B.! PARASITIC BIREFRINGENCE DUE TO CONTRACTION OF THE
a CEMENT
Sometimes the cement is not fully polymerized; dur-
ing a month or so it may continue to polymerize
slightly, and therefore contract. This effect will
also produce birefringence around the edges of the
plastic.

C.) EDGES NOT PROTECTED AGAINST HUMIDITY
- 1If the edges of plastic are not protected against
humidity with a layer of cement, some moisture may
_be absorbed through the machined edges of the plastic
and produce a swelling, which in turn will produce
parasitic birefringence around the edges of the
plastic, similar to cases (A) and (B).

For cases (A), (B), and (C), since birefringence is

~ located around the edges of the plastic and since a free
boundary is an isostatic, the procedure for correcting
for parasitic birefringence consists simply of subtract-
ing the reading under no locad from the reading under load.
It is assumed here that the shape of the plastic matches
the free boundaries of the part.

There are cases where permanent birefringence will occur
due to mishandling of the plastic or to yielding of the
part after it has been coated. In these cases, the dir- :
ections of principal strains - of the parasitic birefringence
may not necessarily coincide with the directions of prin-
cipal strains due to load; hence, simple subtraction is -
not permissible. It is important to underline that sub-
traction of the two states of stress is only permissible
when the directions of the principal stresses coincide

for both states of stress, If they do not, the formulas
outlined below must be used. In order to determine if

the directions of the residual birefringence does or does
not coincide with the dlrectlons under load, proceed as
follows; ~

a) Trace or observe the 1soclln1cs of the parasitic
blrefrlngence (No load applied).



b) Load the part and observe the isoclinics once again.
' If the isoclinics under load and under no load con-
ditions are identical (they do not move when load
is applied), both states of stress (parasitic and
due to load) can be subtracted one from the other.
In case these isoclinics do move, use formulas (1)

and (2) below:

(1) N = /.2 2 _ ‘ .
” e Nf + Ni 2NfNi cos 2(?f7 ei)
where
Neo- is the corrected fringe order due to the applied
: load only
Ng is the fringe order measured due to a comblnatlon

of applied load and initial birefringence
is the fringe order measured for no load (para-
'sitic fringe order) '
(6¢-63) is the principal stress rotation when g01ng ‘from
S "~ - ““the-unload—to the loaded conditioni it is the
change in the isoclinic parameters

The angle 8 of the correct isoclinic'parameter
due to load alone expressed by Formula (2).

- (2) | tan 2 = Nf sin 2 6f -'Ni sin 2 03

6 is the measured angle between the major pr1nc1pal

, ngess o, and the reference dlrectlon X (see Figure

When Nc is found from Formula (1), it is then multiplied
by the fringe constant and the correct value of the prln—
cipal strain difference is obtained.

Figure 25 shows an example of how a plot of load versus
birefringence reading may look in case parasitic bire=-
fringence directions are not aligned with applied prin-
cipal stress directions. To obtain correct values from
such a“‘plot, one may be justified for all practical
purposes, in extrapolating the linear part of the curve.
Obviously, if the magnitude of the parasitic birefringence
is very high and if the misalignment is large, load-versus-
reading plot will never have a linear part, and extra-
polation will not be possible. 1In such a case the use

of Formula (1) will solve the problem.
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| log) L (o)
(o) L (0,)¢
(01)1 4 (o2)3
01>0 (Ex. + 15>+5
1792 oore
-15>-5)
o1-op— principal stress
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"subscript: .

f - final state of stress
i - initial state of
stress

no subscript-state of
stress due to load

[FIGURE 24]

Load

Elastic Range of Deformation

/ Extrapolate linear part of curve to ob-
tain correct strain value due to a given
load increment.

# , Reading on In-
strument, or
Fringe Value

[PIGURE 25|
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CORRECTION FACTORS "FOR PLANE STRESS PROBLEMS ~ = =~~~ 7~ =~ ===~

Fringe order of parasitic birefringence
Ni = 1.37

Fringe order of birefringence measured
when part is loaded N¢ = 3.42 _
Change in isoclinic parameter, or 8g~64 =

15° (6f= 45°& 61 = 30°)

EXAMPLE:

The correct fringe order due to load 1is:

N =V 3422 + 1.372 - 2 x 3.42 x 1.37 x cos(2x15) = 2.33

If the readings Nf and Nj were subtracted directly, Ng.
would be 2.05 and ‘a 10% error would be introduced.

To obtain the isoclinic parameter (8) with respect to.
a reference axis, X (Figure 23), Formula (2) is used:
for the example cited, one would find

3.42 - l 37 x .867 = -3.26
~1.37 x. .50

- “tan 28 =
e e .0

'Remember that tan 26 = tan (26 : 180). Therefore,

there are two solutions for 6: 61 = -36.5° and 62 =
+53.5°.  One of them corresponds to ¢j and the other
to o2. . ‘

In the case ¢f plane stress problems where the bending
action is ne@llglble (such as pressure vessels, plates

and panels loaded in their plane), there is some re-
inforcing effect although it is very small. 1In these
situations the correction factor C] by which the initial-
readlngs should be lelded to obtain the corrected strain
value is: '

N

1_ - t plastic X E plastic
Cyi t structure X E structure
where t-= thickness of the plastic and test part
E = modulus of elagticity of the plastic and test

part



In Figure 26 the correction factor C; can be directly
picked off the chart for various materials with respect
to the thickness of the test part and the coatlng

'CORRECTiON FACTORS FOR COATED PLATES SUBJECTED TO BENDING

When thin beams or plates.are subjeoted to bending, the

- plastic coating reinforces the part and the measured strain

must be corrected for this reinforcing effect. The correct-

" ion factor Cp, applied must take into consideration three
.different effects as follows:

a) The neutral axis of the coated structure shifts.

'b) The coating®increases the stiffness of the plate.

c) The reading is an average strain through thé coat-
ing thickness, and corresponds to the middle plane
of the coating, which is located further from the
neutral plane than the surface of the structure.

All of the above effects were taken into consideration
when the correction factor chart (Figure -26) was con-
structed. Thus Cy (correction factor for bending) can
also be picked off the chart and the corrected. strain
reading can be obtained as follows:

thickness of coating

h .
Ehickness of structure OF the horizontal

Enter the ratio

axis of the chart, and read the &orrection factor C2 for

- the considered type of structure on the vertical axis.

Once the correction is known, we have:

It is easily seen that unoorreoted readings will usualiy
be too high (C2 larger than 1), Consequently, during

~ the selection of the plastic, the thickness should be

calculated to put C2 in one of the follOW1ng ranges:

(Figure 26)

Area A: thickness of plastic small in comparison
S to the structure-

Area B: correction C; reaches maximum and higher

‘ sensitivity is obtained.



CORRECTION FACTORS

[

c, — PLATES IN BENDING

C, — PLANE STRESS PROBLEMS
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Area C: the correction factor is 1 and the select~
ion is most useful in cases of very thin
plates, and in cases where there is a com-
bination of plane stress and bending.

Area D: where the ratio of plane stress to bending

- is unknown, thé plastic should be selected
so that the correction factor is the same
for both cases.

Typical Cases

Example l: Thin member in bending

Consider the aluminum cantilever beam described in
the example of measurements 1/8" thick, 1" wide,
and coated with 1/8" thick plastic.

Here: 4t structure = ,125"
t plastic = .125"
and the ratio: fp = 1.0
| e

We read from the chart on the curve for aluminum:
Cy; = 1.25. Suppose the reading at the point is N =
1.40 fringes and the fringe value f of the plastic
is 725 ypin/in/fringe. The corrected results are:

x £ _ 1.40 x 725 _ 4 , .
= = T 75 = %10 pin/in

Example 2: Biaxial stress field

A very large diameter cylindrical eﬁvelope forming a
pressure vessel is subjected to internal pressure.
The state of stress is very nearly a plane stress
condition and the correction factor is then given
by the dotted lines of Figure 26.

t

Assuming: plastic = 0.125
t steel = 0.625
t plastic 0.20
t steel




From the chart the correction factor C, = 1. Thus
the reinforcing effect is negligible and can be
disregarded.

Example 3

In a test the state of stress in a thin aluminum
membrane is to be determined (combination of mem-
brane stress and bending). The thickness of the
plate is .060"., We wish to select the plastic
thickness to obtain C = 1 (no corrections to be
considered). ) '

t metal = .060

For C = 1 we have for aluminum 'EE = 1.6

t
m

ty = tp x 1.6 = .096"

“

T T 7T 7574 T CORRECTION- FACTORS ~“DUE—TO- TEMPERATURE -CHANGE. -

"When the temperature is changing during a test, a system
of stresses will develop in the plastic due to the diff-
erence in coefficient of linear expansions between the
structure and plastic. The treatment of the thermal
stress problem has been fully discussed in a recent

"paper*. In a practical application the following pro-
cedure is suggested: |

A) In regions not located on boundaries (distance
from edges of the plastic is greater than four
(4) times the plastic thickneéss), normal incidence
. reading is not affected by the change ‘of temper-
ature, and the pattern observed is directly due
to the thermal stresses to be measured.

In oblique incidence a "zero shift" will result

due to change of temperature only. This "zero
shift" is proportional to temperature and lS
given by:

Npg =

1 + u sin?e .66 ‘
P - T = 2L -
1 - u cose s o) 2 - f (g ac) AT

H

' *"Photoelastic Coating Analysis in Thermal Fields" by F
. Zandman, S. Redner, and D. Post.



B)

Where: N fringes observed, due to the change
) of temperature only.
u Poisson's Ratio of plastic
- oo Differential coefficient of thermal
expansion between structure and coat-
ing. N 1
6 Angle of oblique incidence
AT . Change of temperature

Then, if Ny, is the measured fringe order in ob-
ligue incidence, the corrected value is given by:

o 'mo To

On the edges'

The oblique incidence readings are not required on
edges. In normal incidence however, fringes will
appear on the edges due to a change iIn temperature,
The most convenient procedure for analysis in this
case is to prepare a dummy specimen not subjected
to the same stresses in the part, but to the same
changes of temperature as.the investigated part,
and then to take comparative readings. (Comparing
the total fringe order on the coated part with that
of the dummys). The same dummy specimen may also
be used for oblique incidence zero shift measure-
ments, as described above. ' In many cases the part
itself will bé used as a dummy and after the change
in temperature, new "zero" readings can be obtained

‘on the edges.

- Example 4:

The temperature is rising from 72°F to 212°F, Using
psS-2, .080" thick plastic on aluminum, what is the
"zero" shift in oblique incidence?

We have: AT = 212 - 72 = 140°F _

o = 24 yin/in/°F

f = 1170 win/in/fringe

Npg = ii%g'x 24 3 140 = 1.9 fringes



The same may be
Continuing: If
(as established
measured fringe

established on a dummy specimen.

Np is due to temperature only
on the dummy) and N is the:
order, the corrected result is:
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SECTION 6

CALIBRATION OF PLASTICS

INTRODUCTION

If the K factor on a sheet of photoelastic plastic is
not given by the manufacturer, or if the coating has
been made from liquid plastic, it will be necessary to
experimentally determine the K factor so that the fringe
value f of the plastic can be computed.

USE' OF THE CALIBRATOR MODEL 010

The Calibrator Model 010 is a precisioh instrument pro--
viding an accurate means of determining the strain-

optical coefficient K, and the sensitivity of the photo-

elastic plastic. If used exactly in accordance with the
instructions contained in Photolastic, Inc. Bulletin
IB-I-100, the K factor will be measured within * ,001.

CALIBRATION OF PLASTIC USING A CANTILEVER BEAM

The cantilever beam provides a very reliable way to cali-
brate the plastic. Suppose an aluminum beam 1/4" thick"
and 1" wide is set up as described in Section 3. The small
strip of plastic approximately 3" x 1" to be calibrated,

is ‘bonded to the beam, its center (point of our measure-
ments) located 6" from the loaded end. With no load on

the beam, the reading at the point is zero. After a 20 1b. -

welght is applied, the reading is N = :1.,54 fringes. In
order to establish the "f" and "k" of the plastic, first
the stress on.the uncoated beam is calculated:

6PL 6 x 20 1lbs. x 6"

The stress is: = = - - = 11,500 psi
| ¢ bh2 1" x (1/4)2 AaadR S

-The difference of principal strains on the surface of

uncoated beam is:
' 1.33
10.3 x 106

1l + 4

Ey.—

tx (ox = oy) -

x 11,500 = 1490 pin/in



In the middle plane of the'plaétic the strains are:

(ex - ey) plastic = (ax - ey)‘uncoated structures x C»o

from chart:. (Ex: - tp = 0.080 tg = 0.250)'
. v
(=B = .32) C, = 1.21
t
S .
'and

G ey plastic = 1490 x 1.21 = 1800 uin/in

The fringe value f = X T €y) plastic 1800 ., . .

N ~ 1.54

and the "K" factor is:

11.35 _ 11,35
Ex £ - 7080 x IT70 = -122

g
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SECTION 7

DESCRIPTION AND USE OF ACCESSORIES

INTRODUCTION

The Ba51c Photolastic Analyzer is deslgned to accept a
wide variety of accessories available to increase 1its
usefulness. This makes it a truly one instrument sys-
tem that permits any photoelastic coating task to be
accurately performed. The complete line of accessories
and their description and use follows.

TELEMICROSCOPE ATTACHMENT MODEL 037 AND 137

The Telemicroscope attachment constitutes a new develop-
ment for field and laboratory analysis. Taking advantage
of the basic analyzer's existing optical system, it
simply mounts on the tripod, and provides high magnifi-
cation which allows analysis of high strain gradient
areas with mlcroscoplc accuracy, and examination of a
distant object. It is also desirable to use when making
measurements by either the "TARDY" or "NULL BALANCE"
compensation methods since the point of measurement
will be greatly magnlfleo and much easier to observe.

The telemicroscope is furnished with either an F/5.6
95-205mm Zoom Lens (Model 037), or an F/3.5 43-86mm
Zogm Lens (Model 137). :

. The telemicroscope (Model 137) is shown mounted to the
Photolastic Analyzer in Figure 27. The front "zoom"
lens permits observation of a relatively wide area for-
locating the point of interest, and then zooms to

high magnification for the desired detail by progectlng
the image at the focal p01nt of the rear mounted micro-
scope.



[FIGURE 27]

P

'Description of the Optical Systam . .

o - = -1~ The telemicroscope assembly ;onslsts of the following:
(Refer to Figure 28) : ‘

A.) Mounting Frame - attachable to the tripod by
means of the platform (A), The basic analyzer
is also attached to this platform.

B.) Lens and Microscope Supports - mounted on a
common axls (B}, articulated in the platform
(A), and allowing the telemicroscope to swing
in or out of the observers field.

C.) Front Lens Adapter - allows the mounting of

‘ Nikon lenses to a l6mm mom;e camera.

D.) Front Lens - normally the zoom lens is installed
here prov1d1ng a variable focal length system of
lenses. The front lens is interchangeable, and-
any desired lens could be %nstalled as the front
lens. _
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1.) 50mm focal distance (normally supplied
with the Model 035 Camera).
2.) Zoom lens of larger focal distance pro-
vided with the telemicroscope itself.
'E.) Microscope - mounted on an adjustable rack to
permit easy focusing. Both the objective lens
and eye-piece lenses are.interchangeable.
Normally a 6x objective lens and a 10x eye-
piece are supplied, providing a total mag-
nification of 60x.

Assembly to the Basic Analyzer

to Figure 28 and proceed as follows:

To mount the telemicroscope to the basic analyzer, refer

—

l.) Mount the base plate . (A) tQ the tripod.

2.) Mount the analyzer on the base plate.

3.) Select the desired lens and mount the lens in
the front lens adapter (C). This is accom-
plished by gently engaging the bayonnet in
the mount, and then rotating the lens until
the stop pin engages in the groove, (Dots on

_the lens and on the mount should be aligned
to engage the bayonnet.) .

4.) Release the stop button (F) and swing the
optical system until its axis coincides with
the axis of the instrument.

'5.) Set the distance scale of the lens (approxi-
mately at the distance of the investigated
part).
6.) Focus the mlcroscope until a sharp_image -is — — --
-+ “observed, “The instrument is now ready for '
operation.

-In case the digital or linear compensator (G)
is used in conjunction with the system, mount
the compensator first, and then follow steps

1, 2, 3, and 4 in sequence as above.
then: ,
5.) Focus the microscope first on the compensator
plane..
6.) Adjust the focu51ng rlng of the front lens un-

til a sharp image is obtained.

' s€lection of the Lens

'For 'most applications only a moderate magnification is

required, and the lens of maximum aperature would -be
selected to obtain a maximum amount of light.



The f/1.4 lens 50mm focal length is satisfactory in

most cases. However, in case higher magnification is
required, the zoom lens should be installed. The. aper-
ture of a high focal distance lens is smaller and for
best results, the measurement should be made in dark
areas or areas with a minimum amount of surroundlng light.

CAMERA MODEL 035 AND 135

The camera provided with this equipment is one of the
finest single lens reflex camera manufactured. It has
many features and accessories that make it especially
well-suited for work in the photoelastic coating field
and for general industrial work. The camera is provided
with a special bracket for easy mounting directly behind
the basic analyzer (Figure 29).

A single lens reflex unit with shutter speeds of 1 to 1/1000
second, it automatically sets the lens opening at the pre-
set settlng during exposure, but allows Vlerng with maxi-
mum opening. The. automatic mirror swings in and out of the
field during exposure. The unjit is also equlpped with in-

stant action preview ontrol and a split image range find-
rer with interchangeable focu51ng screens. The camera it-

self can also be fitted with a wide variety of accessories,.
The Model 035 comes complete with a 50mm f1.4 Auto-Nikkor
Lens. In addlt;on ‘the Model 135 offers a leather case,
cable release, Qrey«card set, light meter, and circular

.polarized analyzer filter for taking pictures when not

attached to the instrument,
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‘The general instructions for operation are enclosed with

the camera. These cover:

*Loading ‘ -Lens Setting
+Focusing -Shutter Setting and Self-timer
-Unloading -Changing Lenses

These instructions naturally cover the normal operation
of the camera but because of its rather specialized

use in the field of photoelastic coatings, specific
information .of photographic recording of the observed
patterns is presented in Section 8 of this manual.

CAMERA ADAPTER MODEL 038 AND 138 FOR TELEMICROSCOPE

This accessory is for recording on film the ‘observations
made with the telemicroscope. Both the Model 038 and

138 Camera Adapters are self-contained units with internal
lenses that attach directly to the microscope tube and
camera body (in place of the camera lens). The Model 038
provides viewing through the camera while the Model 138~
features a lateral eyepiece allowing observation and
measurements while the camera remains attached. Normally
supplied to fit the Nikon F Camera, they can also be
supplied for other makes as well. Figure 28 shows how
the Model 038 Camera Adapter (H) mounts to the telemicro-
scope. The Model 138 (Figure 30) mounts in a similar
manner.




MONOCHROMATOR MODEL 036

The use of monochromatic viewing in photoelastic coat-
ings falls into two distinct categories. These are:

1.) Black and white photography
2.) Identification of fringes when the colors
washout at higher fringe orders

A truly monochromatic light source provides a very low
light intensity only usable in a dark room. Semi-
monochromatic lights used with standard photographic
filters cause a shift in the fringe positions from
color to black and white. The most efficient and
economical solution is to use standard high intensity

light and filter the desired band of wave lengths.

The Photolastic Monochromator is a narrow pand inter-
ferential filter. It provides a band pass of 100A°
at the wave length of the tint of passage producing
a ‘black fringe at every location where the tint of
passage is observed in white light. It can be used
in-hand or attached to the lens of the camera.

.STROBOSCOPIC LIGHT MODELS 034 AND 134

When stress analysis studies under dynamic conditions
(such as those found on centrigues or shakers) is required,

‘replacement of the Basic Analyzer Light Source with a

strobe accessory will provide the same sensitivity of
measurement plus the advantages of a strobe light.

Both units are especially de51gned and manufactured for
Photolastic, Inc., and they incqrporate a combination of
several features to increase their effectiveness in
photoelastic observatlons The lamps are attached to
the polariscope so that its use as a portable analyzer
will not be 1mpa1red (within “the 'limits of ‘the lamp's
calbe). To malntaln a light weight, the oscillator on
Model 134 has its own control box separate from both
lamp and power supply. This feature permits a flashing
rate control up to 2C feet from the lamp.

. { .



Each model consists of lamp, power supply, and oscillator
with connecting cables. Figure 31 shows how the Model
134 Strobe Light attaches to the basic analyzer. The
Model 034 mounts in a similar manner. A complete set
of operating instructions is supplied with each model.
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MODEL 332 and 432 DIGITAL STRAIN READOUT
, ! .
Photolastic has brought automation to photoelastic stress

analysis with the Model 332 gr Model 432 Digital Strain
Readout. - : : :

Easily attached to the basic analyzer, Model 332 (Figure
32) assures easy, fast, accuyate strain measurements
directly diSplayed—in microinches/in.-as a 4-digit read-
out. Model 432 provides a p{intout of the 4-digit strain
measurement, plus a 2-digit printout of Point Number, and

. a 2-digit printout of the Principal Strain Direction Angle.

Because it eliminates the need to recognize fringes (or

their absolute order), and the need to identify and then

calculate fractional orders, it reduces human error to

virtually zero. . . even with inexperienced operators.

L a -
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Both Models consist of a Babinet-Soleil uniform field
compensator electrically coupled to the digital strain
readout.

The measuring method uses the "Null Balance" principle.
Displacing the compensator wedge within the strain field
adds-to the unknown quantity-an amount equal to the un-
‘known guantity, but opposite in sign. We merely add an
exact amount Ssufficient to achieve Zero Balance (the
procedure is described in Section 3, part 3.4.2).

The electrical output from the compensator is then com-
puted into Digital Strain Readout, displayed by the in-
strument. ‘ '

Separate instruction manuals are available which describes
in detail the set-up of electrical connections, adjust-
ments, and operational procedure of these units.



SECTION 8

PHOTOGRAPHIC RECORDING OF FRINGE PATTERNS

GENERAL RULES

Photographic recording of the observed fringe patterns
provides the simplest and most accurate method of re-
cording data without transcription errors or forgotten
details. 1In order to obtain satisfactory results when
photographing the photoelastic patterns, the following
general rules should be observed:

1l.) Select the area to be photographed The size
of this area will determine the p¢51tlon of the
camera and the proper lens. With a lens of
focal length "f" the size of the area covered
"L" from a distance "D" on a 35mm frame is:

D - f

L =- rE x. 35mm -

If the distance D is much larger than f, the
following approximation may.be used:

35mm
fmm

X

It is apparent that to cover small areas a

lens of large focal distance must be used.
2,) Be sure the area_of-interest -is~well and uniformly
~ 7 illuminated. For overall views (test set-ups,
A etc.) only use several lights.

'3.) Avoid parasitic reflections of windows, overhead
lights, and direct reflections off polished metal-
lic surfaces, etc.

4;) Attach the camera rigidly to the tripod. Use
the cable plunger to make certain the camera does
not move during the exposure.

5.) To obtain good depth of field, use as small a
diaphragm opening as possible (£/22). The larger
openings (f/1.4 and f/2.0) should be used only on
relatively flat areas when uniform focusing can be
achieved. cCare should always be taken when focus-
ing (use the split image feature of the camera on
a vertical line or fringe). If no vertical refer-
ence is naturally. avallable, make one artifically

with masklng tape, removing the tape before exposure.’




6.) Avoid parasitic reflections and other "hot" spots
that may appear in the field of view. Preferably,,
place the camera in a normal incidence position
with respect to the part and to the illuminator,

which should be slightly inclined (See Figure 33).

{FIGURE 33]
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8.1 PHOTOGRAPHY OF ISOCHROMATICS
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Use Ektachrome-X when slides are required, and Kodacolor-
X (or the equivalent) when prints are to be made. The
exposure guide (see Table I below), is based on average

conditions,
readings. The light level depends on:

-Actual voltage on the lamp

-Reflectivity of the cement

-Angle of jillumination :
-Distance from the light source to the part

For best results, obtain actual lightmeter‘

Since most of these effects are difficult to evaluate,
it is suggested to take three frames of each position

adding one "underexposed" and one "overexposed".
For exposure use Table I which follows:
TABLE I

Time~Exposure Data

Distance - Analy-| ~ \ W
l.zer to Test Part 2 ft. ’ 4 ft.
ASA Film Speed 20 l64-80 | 200 || 20 |64-80 | 200 | 3000
Diaphragm £/16] 2 | 172 1/4. 4 1 2
Opening f/Xx 4 : /- ‘ — L/ 130
- Vf/8 | 172 1/4 1/15 1 1/4 1/8 1/125
f/4 | 1/81{ 1/30 1/60 | 1/4} 1715 | 1/30 | 1/500
£/2 | 1730, 1/125 | 1/125f1/15| 1/60 |1/125
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PHOTOGRAPHY OF ISOCLINICS

A very convenient method of recording isoclinics is to
use color transparency film such as Kodachrome-X (or
equivalent), While the analyzer-polarizer assembly is
rotated successively to different positions (0°, 15°,
309, 45°, etc.), obtain photographs without changing
the position of the camera. The resulting slides can
then be projected later on white paper for tracing the
isoclinics and isostatics.

In this case, the slides should be overexposed. This
will show sharper isoclinics. When black and white
film-is used, the isoclinics should be recorded at a
low strain level to avoid confu51on with isochromatic
fringes.

PHOTOGRAPHIC RECORDING THROUGH THE TELEMICROSCOPE

Photographic recording of the observed patterns viewed
through the telemicroscope may _be obtained by install-
ation of the camera adapter Model 038 or 138 on.the --—

_microscope. - - -~ T

1l.) Set up the telemicroséope as for visual obser-
vation. Next, tighten all tripod handles to
obtain maximum rigidity of the system.

2.) Mount the 50mm lens in the front of the tele-
microscope, and focus on the area of interest.
3.) Engage the camera adapter to the camera. This

adapter is mounted in_exactly the same ‘mafineér

- - ~ 7~ a@s the camera lens.

4.) Unscrew the eyepiece holder (I) from the camera
adapter. Now 1ntroduce the eyeplece (J) in the
camera adapter and :tighten the eyepiece retainer
back. (See Figure 28).

Note: When the eyepiece is removed from the
microscope, care should be taken to avoid
any motion that would destroy the focus
obtained. ‘

5.) Now gently introduce the camera adapter (with the-
camera attached). to the microscope until the eye-
piece hits: the stop., Tighten the adapter on the .
microscope tube using the knob (K). The set-up
is now ready to take photographs Wlth no addition--
al focuslng requlred .

Note: It is possible to check the focusing using
"throygh-the-lens" viewing of the camera
although the lrght intensity will be dower.
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a Practical Moire Stress-analysis Tool

Grids are applied to any part within minutes by a transfer technique which ddes not

require any special skills.

An optical instrument for moiré-fringe production,

remote from the part (no contact master) is described

by Felix Zandman.

ABSTRACT
technique is described. The grid is applied to any part
by a transfer method, like a decal, not necessitating
mechanical engraving or photoetching nor any special
environmental care. The moiré fringes are observed
remotely from the part without master contact. This is
done through the use of a projection device and a master
held in a plane where the projected image of the working
grid is formed. Limitations of the method, as well as
its applications, are discussed.

Introduction

The moiré stress-analysis technique* has been -

limited in ils usefulness until recently, principally
because of the difficulties involved in the application
of grids to the test part. The only methods avail-
able were by engine ruling, photoengraving or
photoetching which are very expensive and tedious,
demanding high degrees of skill and consuming a
considerable amount of time.

Still another difficulty was apparent in the neces: .

sity of using masters directly in contact with the
active grid to produce the fringe pattérn. In many
instances contact is prohibited, difficult or impossi-
ble.

This paper describes a recently developed, simple
and inexpensive method of grid application. It also

describes an instrument for producing moiré trmges

without contacting the part with a master.

Pro‘ducirig and Applying the Grid

During the development of this new technique,

Felix Zandman is associated with Vishay Intertechnology, Inc., Malvern,
‘Pa.

* For those interested in a description of the principles of moiré, several
vxcellent papers by A. J. Durelli of The Calholu: University, Washington,
D. C. are recommended.

A practical and simple moiré stress-analysis

N

the followmg parameters were established and con-
sidered: :

(a) Produce a grid which can be stored, handled,
shipped and applied without producing grid-
distortions. _ _

{b) Grid application should be permissible under
normal lighting conditions by personnel fami-
liar with usual stress-analysis techniques.

(¢) Grid should be applicable to flat or cylindrical

* surfaces of any material.

(d) Grid and application method should be.
economical. '

(e) Grid should be capable of withstanding high

' temperatures and extreme elongations.

To accomplish the above objectives, the following
concept resulted; produce a transferrable grid or
dot system of a highly reflective thin metal film
which is supported by a rigid, easily stripped
carrier. - This was achieved by taking a stainless-’
steel plate of 0.005-in. thickness and covering it
with a layer of nickel in such a way that the peel
strength of nickel to stainless steel is very low. A
layer of photoresist is then applied to the nickel and
a print of the desired grid or dot system is made.
After development, the areas in the unexposed por-
tion of the image are etched. The etching processis
stopped as soon as the pattern is formed. ‘

An alternate method involves evaporating or
plating nickel through a mask onto the stainless-
steel backing. Material other than nickel can also
be used; we have found, however, that nickel pro-

_ duces good results in terms of reflectivity, tempera-

ture, peel strength and process handling. .
At this point, the transferrable grid on its backing
plate can be stored, shipped and eventually applied

Reprinted from lixrerimenral MecaanNies, July 1967
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to the part without concern for distortion.
The method of applymg ( transferrmg) the grid
consists of:

ta) Cleaning the surface to which the application
is to be made. . (This is similar to surface
preparation used for strain gages or photo-
elastic coatings.)

&) Applying cement to part. (A black adhesive

. . is used for reflection techniques on opaque
parts, a tram»parent adhesive for transmission
techniques on transparent parts.)

(c) Application of the grid-plate sandwich to the
cement-coated part, making certain that the
grid is in contact with the cement. ‘If the
part is mildly curved, the plate can be made
to conform to the curvature. (For sharp

- curvatures, the grid is first stripped off the
backing plate with cellophane tape; now the
tape, which is very flexible, is the carrier and
it conforms more easily. This method can

{d) The cement 1is then allowed to cure.

(Twenty-four hours at room temperature or a
, few hours al elevated temperatures.)

fe) After the cement is fully cured, the backing
plate. (or tape) is peeled off and.the part is
now ready for testing.

‘The sequence of grid application described above

is schematically shown in Fig. 1.

"the same image plane of the working grid. Moiré
produce some grid distortions.) . ..o '

" pitch in contact (matched grids).

Types of Grids

Employing this technique for manufacturing
grids, practically any pattern can be produced such
as lines, grids, dots, circles, triangles, etc. For
practical production and stocking reasons, the avail-
able commercial patternst have been limited to
lines, grids or dots of 200, 500, 1,000, and 2,000
lines-per-inch density. These are normally made in
4- X 4-in, and 1 X 1-in. sizes.

In addition, individual gages made of concentric -
circles of 500 lines-per-radial-inch density are pro-
duced with a gage diameter of 0.2 in.

Moiré Fringes Without Master Contact

The principle of producing moiré fringes without
resorting to direct contact between the master and
the active grid is accomplished by projecting the
image of the working grid onto a plane remote from
the part and then placing a suitable master grid in

The instrument developed to accomplish thist
consists of a very accurate optical system containing
high-resolution, color-corrected, non-distorting
lenses. The basic magnification is 1:1, thus pro-
viding the same result as two grids of the same line
Magnification
adjustability provides the same results as two mis-

1‘ Photolastu‘, Inc 176' meoln Htghway, Malvern, Pa, . __

BONDING PROCEDURE

|. CLEAN & DEGREASE TEST PART

2. APPLY ADHESIVE
TO TE§T PART -

3.CEMENT GRID
TO TEST PART

Fig. 1—Bondable moiré
gnds

GRIDS AVAILABLE -
IN LINE DENSITIES
OF

200
L___‘ LI BLC:&NLGATE 500
IR 1000
~ |AND 2000 LINE

4. ALLOW CEMENT TO
'CURE & STRIP-OFF
BACKING PLATE

5.GRID IS NOW BONDED
IN PLACE WITHOUT

INITIAL DISTORTION

INCH

—fringes-will then bé prodiiced in the rémote plane. ! ®
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Fig. 2—General view of the moiré instrument (to the right)
and a straining frame (to the left)

matched grids (fringes at zero strain) thereby per-

* mitting analysis of low strains or measurement over

short gage lengths. In addition, photographic film
can be used in place of the master in the image plane
and, hence, moiré fringes will be produced through
double exposure tbefore and after load application.)

Photographs of the fringes or direct measurement
can be made direclly from the screen of the instru-

.ment (location of the master grid) where the moiré.
" fringes appear.

Figures 2 and 3 show the instru-
ment described above.

‘Limitations of the Transfer-grid Method

Grid Limitations

1. At high temperatures, the epoxy or other adhe-
sive can be destroyed.

2. When applying grids to small radius or com-
plex curvatures, they will usually distort,
which will necessitate zero readings. This
complicales data reduction. '

3. Limiled area of a single-transfer pattern.

Instrument Limitations

1. The distance between the instrument and the
test part must be rigidly fixed; if not, magnifi-
cation changes will occur and fringes not
related to strain might appear.

,t«,«& s __.‘.‘ X ! oAl o »Ju.ﬂﬁ» .::;k i

Flg 2—View of the rear of the moiré
instrument where the fringe pattern
appears

Fig. 4—Moiré pattern visible through a remote observation
instrument. Moiré grid located inside the transparent model
and master grid of the instrument focated at 4 ft from the
model

2. Full-field analysis can be accompliéhed on flat

surfaces only. On curved surfaces, measure-
_ ments are made point by point or line by line.
3. Refocusing of instrument might be required if
load-induced warping of the plane containing
the grid leads to spurious fringes or out of-
focus areas."

4. A 2000-1me-per-inch grid appears as the prac-

tical limit for conventional lenses because of
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their limited resolution power for large-field
observations. Microscope lenses can be used
for very high line densities (5 to 10,000 lines
per inch); however, then the field of observa-
tion becomes very small.

Applications

The main areas where the moiré method of stress

- analysis can be used uniquely or to more advantage

than other metheds appear to be:

1. High-temperature applications such as weld- .

ing, heat treatment, creep.

2. Analysis of inleriors of tridimensional models
through insertion of grids inside of models and

" producing moiré fringes with the.instrument
.described above; no contact with grid is re-
quired. -

3. Strain measurement:, ‘on soft materlals or
~— -——wherever reinforceneint caused by the slrain-

measuring device is a problem.

4. Long-term measurements wherever stability of
the strain-measuring device is a problem.

5. In combination with photoelasticity for two--

or three-dimensional problems (stress freezing
or not), providing a means of separation of
principal strains without resorting to graphical
integration, as follows:

~— - ¢y T'wo-dimensional pholoelastlc Todel with

grid on one of its surfaces. Separate
values of principal strains are obtained at
any point through the use of moiré or
combination of moiré and photoelasticity.

() Grid applied inside a three-dimensional
photoelastic model. After model “freez-
ing,” the slice containing the grid is cut
out and analyzed photoelastically and
moiré-wise at any desired point. Three
principal strains in sign, magnitude and
orientation are obtainable w1Lhoul graph-
ical integration.

(¢) - A slice is cut out from a three-dimensional
“frozen” model. A photoelastic analysis
Ismade of theslice. A transfer grid is then
applied to the slice and the slice annealed
so as to remove from it its birefringence.
Because of strain relaxation, the grid is
now distorted and can be analyzed. The
photoelastic and moiré information are

- sufficient to obtain the three principal
strains as in 5(b) above.”

"dustrial and laboratory problems.

- within minutes-and at-a reasoniable cost.”

6. The method, being very basic, can be used
efficiently as a teaching tool in classes of elas-
ticity and stress analysis. - -

7. An extremely important advantage of the

moiré method exists for those problems in
which displacements are the desired quantities.
Example: A simple example will illustrate
one of the above-mentioned applications. A
section of a rail made of a transparent material
was analyzed in its plane directly under a
point-acting load (three-dimensional problem.)
The model was cut along the plane to be
analyzed. A transfer grid was applied to the
plane. - The model was recemented and a
point-like load applied directly above the plane
containing the grid. The moiré instrument
was then focused on the interior grid and the
resulting moiré fringes analyzed without re-’

. sorting to stress “freezing.” Figure 4 showsa

portion of the model and the moiré fringes as

" visible through the instrument.

Conclusion

The technique of grid transfer and moiré-fringe
production without master contact appears to be a
realistic, economical and practical approach for in-
Technicians
without special skills can apply grids to any part-

The future of the method as an industrial tool will
depend very much on the level of education of the
users, as for any new technique, and upon future
developments still needed in high-temperature
cements, fringe readout systems for data-reduclion
simplification, and grids of larger dimensions.
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Homegrown Strain-gage Transducers

Simple compensation procedures can be used to correct errors .

in strain-gage transducer bridges

by James Dorsey

ABSTRACT—Small errors commonly encountered in experimental
stress analysis are often unacceptably large when building
strain-gage transducers—even crude ones. Fortunately, the
procedures necessary {0 remove the errors are simple. The
steps are discussed in detail and examples given. These
compensation techniques can also be useful in strain-measuring
applications under cerlain circumstances. Also discussed
briefly is the effect ‘of instrument circuils on transducer
performance.

Symbols
R = resistance
AR = change in resistance
GF = gage factor
¢ = strain in in./in. (m/m)
Rp = resistance of transducer strain gages
V = Wheatstone-bridge supply voltage
S§.G. = strain gage
Vo = transducer output
R,. = Resistance of span-shift compensation resistor
AE = temperature-induced change in - spring-element
modulus of elasticity
AKX = temperature-induced change in gage factor of
strain gages

o, = temperature coefficient of resistance of span- -shift

compensation resxstor

Introduction

Most strain, gages are used in testing to learn about
the strain on a surface. But another large quantity is
employed on devices called transducers. In the latter
applications, users want to measure a physical quantity
such as load or pressure and do it by means of an
electrical output.

Resistance strain gages are convenient for these devices
because they easily convert strains to electrical signals.

Although this qualifies them, or the complete devices, (o .

be called transducers, it is more useful for this paper if
transducers are defined as devices (a) that use strain
gages, and (b) that can be precalibrated before use. Strain
sensitivity (or transfer coefficient) of the gages will be
learned by actually applymg known physical quantities to
the device.

~The study of transducers is very complex and cannot be
completely covered here. Material properties, element
(spring) design, case construction, sealing, use of flexures,
etc. are all important considerations. But perhaps the

James  Dorsev  is™ Vice-President, - Engineering,  Micro-Measuremenis
Division, Meuasutements Group, Vishay Intertechnology, Inc., Romulus,
M1 48174

Puaper wus presented at 1976 SESA Spring Meeting held in Silv er Sprum
MD o Muay 9-14.

‘make

.least understood area involves compensation techniques

needed for initial bridge unbalance and for several- errors -
caused by temperature changes. This paper discusses
bridge errors and their corrections, a subject often
neglected because cost or time involved is thought to be
great. In fact, simple adjustable resistors can be used to
quickly and easily achieve good results. In any case,
accuracy improvement is often so dramatic.that, on a
unit-cost basis, nothing else done to improve the transducer
can possibly be as effective. As a corollary : failure to,
simple " ‘corrections for problems caused by
temperature changes can result in very large errors (as is
also true in experimental stress analysis).

. Finally, many of the techniques described find
application in experimental stress analysis use of multiple-
strain-gage circuits. Bridge compensation has been used
both to produce moré accurate data and to save
installations in which unmatched gages- were inadvertently
used. . .

Errors

Unfortunately there are many ways in which the strain
gages and their installations can deviate from the ideal.
However, most of the serious errors are easily corrected.
The four most important are normally considered when
transducers will experience temperature excursions or
must be interchangeable.

Zero Shift with Temperature Changes

Strain gages respond to temperature, Changes in
resistance result from the temperature coefficient of
resistance of ‘the’ grid and the expansion coefficients of
the grid and the spring element. Although the temperature
coefficient of resistance of most foil strain gages can be
adjusted to minimize the changes caused by temperature,
zero output cannot be achieved over any appreciable
temperature range. ,

The resulting error is particularly bad because it 1s, in
no way, related to the size of the measurement. In other
words, even if the quantity to be measured is zero, a
large output can result if temperature changes.

Thcorelitally, use of a fully active hall- or full-bridge’
will ehmmate zero shift by subtraction. In -practice, no

- two strain gdges are ever identical and there are variations

in lnstallal?on and in the spring element. (Zero shift will
also occur when adjacent bridge arms are mounted on
surfaces with different radii.)

Bridge Balance

In general apphcatlons, it is convenient to use transducers
whose output is zero (or close to zero) when. input is
zero. Even if the strain gages are well balanced and
uniformly installed, compensation for zero shift with-

f

Reprinted From: EXPERIMENTAL MECHANICS? Vol. 17, No. 7, 255-260, July 1977
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Fig. 1—Bondable resistors

temperature change will often unbalance the bridge zero.

Span Vs. Temperature

Output {span) of an- unuompensated transducer w1ll o
-~ normally chdnge ds temperature changes.

Differences in
span occur with temperature change because both gage
factor of the strain gages and modulus of the elasticity of
the:spring element are functions of temperature.

Normally these two effects combine to cause increasing
span as temperature rises.

. Span Adjust

The output of a transducer can be set to a specific
desired level. Although adjustment of span does not

. directly_affect _accuracy,-it-is. usually-desirable-because-it-

is an advantage to have the transducer/instrument system

" output . displayed in convenient units (e.g., 137 lb—or
- kilograms—Ioad reads 137 or 1370 counts on the indicator)
.. and also,
~given Q would be the same.

if transducers are mtelchanged output for a

~ Impedance Match

In some applications, it is helpful if the transducer’s
input or output impedance is within a specified range.

Other Errors .

There are many other types of transducer errors. (Creep
and nonlinearity are important examples.) Most can be
avoided or, to some extent, corrected. However, correction
is often difficult and costly and, in any event, the errors
are almost always very small. -

. For these reasons, no attempt will be made to deal
here with subjects other than the first five given above.

Compensatlon Procedures

When compensating strain-gage transducers, it is possnble
either to calculate the resistors needed or to determine

‘their values experimentally. If more than one transducer

of a given type is to be built, it is sometimes possible to
use constant values for span and impedance resistors.,

Step-by-step procedures follow. Where practical to
calculate the resistor value rather than determine it
experimenially, both techniques are discussed. :

For building one (or a small number of transducers), it
is often convenient to use compensation resistors-that are
adjustable. Figure 1 shows four types of bondable
resistors that will be used in the examples which follow.
The A-pattern represcnts any fixed resistor. C-pattern is a
fixed grid with an added adjustable section. D and E are
single and double ladders, respectively. Patterns C, D and
E are designed to allow user adjustments of varying
amounts. Using a sharpened dental probe or other
convenient tool, steps in the ladder-like arms are cut
through to lengthen the conducting path and so raise its
resistance. Parallel stéps may be cut to increase_resistance
by very small amounts. In, Fig. 1 (D- pattern)x cutting
step X would increase resistance about 2.8 percent of the
maximum value. Cutting steps such as Y and Z would
increase it” only about 0.2 percent and 0.1 pefgent,
respectively.. Cutting steps in the C-pattern are designed
to be 20 percent, 10 percent and 1 percent of the wncut
resistance. There are four 20 percent, four 10 percent, and
twenty 1 percent steps. However, like the D- and E-
patterns, smaller changes can be obtained by cutting from
the top or in the middle. The C-pattern is used if the
minimum required value will be about half of the fully cut
maximum. When it is not known if any resistance will be
needed, D- and E-patterns are better because their uncut
resistance is very low.

If. possible, all temperature-sensitive (copper, Balco?®,
nickel) compensation resistors (t0 be described in following

sections) should be_located .on_the transducer element---

where the sfrain will be low but as close to the strain
gages as possible. Doing sa will assure the best temperature
tracking without danger of fatigue damage. Also,
connecting wires inside the bridge should be balanced in
length- and in good thermal contact with the spring
element,

Zero Shift with Temperature Change

"When gaging the.spring element, it is not known if

there will be a zero shift with [emperature large enough to

~-require compefsation 6f which arm will require the added

resistor.
Pattern E resistors are a convenient means to solve the
problem because they are very low in uncut resistance

(<)
RESISTOR

-

.

CONSTANTAN

Fig. 2—Bridge circuit with all compensation resistors




TABLE 1 —LOAD CELLS AND PRESSURE TRANSDUCERS

Calibration Inaccuracy
Temp. Effect on Zero

Zero-balance Error
Temp. Effect on Span

Load Celis

General lmpréved High
Purpose Accuracy Accuracy
0.5% FS* 0.25% FS 0.1% FS

+0.005%/°F FS
(£0.009%/°C FS)
+5% FS
+001%/°F OL*
(+0.018%/°COL)

+0.0025%/°F FS
(+0.0045%1°C FS)
+2%2% FS
+0.005%/°F OL
{£0.009%/°C OL)

+0.0015%/°F FS
(+0.0027%/°C FS)
+1% FS
+0.008% /°F OL
(+£0:0015%/°C OL)

Nonlinearity 0.25% FS
Hysleresis 0.1% FS
Non-repeatability 0.1% FS
System inaccuracyt 1% FS

Calibration tnaccuracy 05% FS

+1%/100°F FS
(£1.8%/100°C FS)
+8% FS
+1%/100°F OP*

Temp. Effect on Zero

Zero'palance Error
Temp. Etfect'on Span

(x£1.8%/100°C OP)

Nonltinéarity 0.5% FS
Hysteresis 0.75% FS
Non-repeatability 0.15% FS

System Inaccuracy 2%

0.1% FS 0.05% FS
0.05% FS 0.02% FS
0.05% FS 0.02% FS
V2% FS 0.15% FS
Pressure Transducers
0.25% FS 0.15% FS

+ % %/100°F FS
(+0.45%1100°C FS)
*+1% FS
+ Y2 % /100°F OP
(£0.9%/100°C OP)

+ % %/100°F FS
(£0.9%/100°C FS)
+2%% FS
+ %% /100°F OP -
(*1.35%/100°C OP)

0.25% FS 0.1% FS

0.25% FS 0.1% FS”

. 01% FS 0.05% FS
1% _ V2%

'FS is 'Full Scale’, OL is 'Of Load', OP is ‘Of Pressure’.

tCombined effects but not including temperature. -

and are designed to. be wired in each of two adjacent
bridge arms. The copper-foil version can be bonded at the
same time as the gages and wired into the bridge at the
start. For best performance, the double ladder is most
often in a bridge output corner.

Assume that four strain gages (should be same type and
lot) are bonded to a spring element and wired in a full-
bridge. Output of the bridge will generally not be zero,
but is usually close enough so that a reading can be
obtained on the transducer-indicator instrument.

If the gages and element are then warmed, output will
usually change. (Even in cases where the spring element is
part of a large structure such as a bridge or a commercial
aircraft, it is usually possible to get readings at two
temperatures at different times of the day.)

Theoretically, it is possible to make a very careful
measurement of the temperature effect and to calculate
-the needed compensation resistor. For example: if the
bridge output is equivalent to 35uin./in. (um/m) for a
temperature rise of 100°F (55°C) and 350 ohm gages
with a gage factor of 2 used :

AR = GF X ¢ X Ry ()

AR = 2X35><10 X350 = 002459/100 F =

< 0. 0245 Q/55°C

Copper wire increases resistance approximately 22
percent/100°F (22 percent/55°C), so a length of wire
whose resistance is 0.11 ohms is required to compensate
I:or temperature-induced zero shift of the transducer

‘bridge. [The resistance of a 1.25%-in.

length of AWG-40
copper wire (0.08-mm diameter X 32 mm long) would be
about 0.11 ohms.]

In practice, this calculation is an unproductive exercise.
The resistance of copper. requxred is normally extremely
small. Selecting such a resistor and soldering it into the
bridge arm to achieve compensation is impractical if not
all but impossible.

Using a double copper ladder in one corner of the
bridge (Fig. 2) assures that the adjustable resistor will be
available in the required bridge arm; and also if over-
compensation occurs accidentally, it is easy to increase
the copper conductive path in the adjacent arm. '

When the spring element is gaged and-the bridge wired
with the double copper ladder in place, it can be put in an
oven or otherwise warmed. Bridge-output change will
indicate which of the two adjacent arms surrounding the
copper ladder needs added temperature sensitivity. By
experience and trial and error, the ladder in that arm can
be increased in resistance until the temperature-caused
zero shift is within acceptable limits,

\A word about ‘acceptable limits’: many of the
compensation techniques described can be tuned to as
fine a level as is desired. The limits are economic
considerations and the fact that compensation is usually
not linear. QOutput can be trimmed to zero at pairs of
temperature, such as 77°F and 105°F (25°C and
40°C), but normally is not zero at other temperatures.

Although it is possible to reduce such nonlinearities, the
procedure is time-consuming, costly and rarely completely -
effective. The simple one-resistor compensations discussed
here will rotate the curve but not linearize it. Typical
magnitudes of correction in Table ! are chord slope



values between temperature points selected by

transducer designer.

Bridge Zero

Bridge zero is adjusted by the same techniques as for
zero shift with temperature except a low-temperature
coefficient resistor is used. If the initial unbalance is the
equivalent of 100 puin,/in. in our example, then from
eq (1):

R = 2 x 100 x 10 x 350 = 0.07 ohms

[The resistance of a 1.6-in. length of AWG-40 constantan
wire (0.08-mm diameter X 40 mm long) will be
approximately 0.07 ohms.] Balance wire can be added
after bridge zero is checked or a double ladder can be
instalied opposite the copper ladder. If the strain gages
are made of constantan, then usually an E-pattern resistor
made of constantan would be employed, and a Karma-
type-alloy resistor would be used for Karma-type gagés:
The adjustment technique is the same.

The double ladders are connected' as shown in Fig. 2.

Span Vs. Temperature .
Adjustment of span changes with varying temperature
is usually the most difficult compensation to achieve
because the quantity to be measured must be applied to
the spring element as the temperature is changing.
Nickel temperature sensors have often been used as the
compensating element but recently there has been more

“interest in Baléo®, a very stable nickel-iron alloy with a
- _high-temperature_coefficient. of._resistance.-Balco-has—a-~

number of advantages when compared with nickel. It is
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less expensive, -easier to manufacture, and has about

2v4  times the resistivity of nickel. Temperature
coefficient-of-resistance curves for Balco and nickel are
shown in Fig. 3. At temperatures above - 100°F

(=75°C), the only disadvantage to Balco is a slightly
" lower temperature coefficient of resistance.

If- the transducer is put through a temperature cycle
and the span change recorded, it is possible to calculate
the resistance of the Balco gage required. Or, using
approximate values for materials and gage behavior, the
following equation will produce a nominal value for this
resistor ;

~ (AE — AK)Rg : )

R = «, + (AE — AK)

AK (A pp‘roximate)

+0.5% /100°F (- +O 9%/100 C) for constantan
~0.57% /100°F (~ 1.03% /100° C) for K-alloy -
06 compensation
~0.83% /100°F (~1.49% /100°C) for K-alloy -
13 compensation

1l

«,, {Approximate)

(for nickel) = +0.31% /°F (+0.56% /°C) OR =
0.0031 Q/Q/°F (0.0056 Q/Q/°C)
(for Balco) = +0.25%/°F (+0.45%/°C) OR =

0.0025 Q/Q/°F (0.0045 Q/Q/°C)

~Figure4-is a plot of valiies obtaified with eq (2y and isa

good guide to the resistance of the Balco sensors needed:
Approximate values for AE are also shown for typical
transducer element materials. Precise compensation
usually does not result from using these resistances
because values of R,, from the plots are approximate and
will be altered when the calibration resistor is inserted.

A better practice is to pick a value from Fig. 4 and
thén use a C-pattern resistor that is below the value uncut
and above it when fully cut. By successive tests, the value

.-of -the-resistor-can-then—be-adjusted—-to--give~best resultsT"

It is usually possible to adjust span shift vs. temperature
to less than 0.0025 percent of signal/°F (0.0045
percent / °C),

Span Adjust

" Span is adjusted by using a temperature-insensitive
resistor in series with the voltage supply. A good selection
is the D-pattern. By measuring the impedance of the bridge
circuit (including the Balco resistor just discussed) and
knowing the desired reduction in bridge output, a
constantan or Karma D-pattern resistor is easily selected
and adjusted by the same method that was used with
the Balco.

As with the double ladders within the bridge itself, it is
often possible to select suitable span and span vs,
temperature adjustable resistors before beginning . the
gaging and to install them at the same time as the gages.

-iImpedance Match

If bridge-input impedance match is required, it is
usually a fairly high resistance not available in bondable
grids. The resistor should be stable with temperature and
is installed as shown by the dotted lines in Fig. 2.

Output impedance match is tricky, likely to destroy
compensation already achieved, and can only be adjusted
to a lower value (by shunting). Since output impedance is
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close to gage resistance, adjustment is not recommended.
Better practice is to use gages with the impedance
desired. |

General

The completely compensated transducer bridge is shown
in Fig. 2. It is actually best to ‘split’ the Balco and
constantan resistors in the voltage circuit so that
approximately half of each resistor is in the plus and
minus supply arms, respectively. Although two adjustable
resistors could be used for each, it is often acceptable and
simpler to use a fixed resistor of about the right value in
one lead and an adjustable resistor in the other. For
example: if Fig. 4 indicates that 28 ohms of Balco is
required, a' 14-chm fixed resistor could be put in one
lead and a 10- to 24-ohm Baico C-pattern in the other.

When all of the resistors are installed in the beginning,
it should not be necessary to repeat the adjustment steps.
If, however, tests of the transducer are not satisfactory, a
repeat may be needed to ‘fine tune’ the compensations.

One other problem’ is sometimes encountered. When .
the spring element is installed in its case, loads applied by
the case itsef may change various compensations.
Corrections for these difficulties are not recommended
because they are complex (usually involving compensation
resistor shunts located in a terminal box outside the case).
Redesign of the case to avoid trouble is usually possible.

Specifications .
Table | shows typical specifications for several ‘grades’
of load and pressure transducers. The compensation’
techniques- above routinely achieve the ‘general purpose’
specifications. In many applications ‘improved accuracy’
is not difficult -to obtain if-there are no adverse effects
caused by the case or other environmental protection.
‘High accuracy’ requires more sophisticated techniques.
-In some of the specifications (including system
_inaccuracy), pressure transducers show worse performance

than load cells. There are several reasons, including a
greater interaction between the pressure cell diaphragm
and its support structure and less freedom of spring-
element design in the pressure transducer.

Comments on Instrumentation

Constant Current

The techniques above were discussed for a constant
voltage or mV/V device. Constant-current power
supplies (or instruments with resistors in series with the
voltage supply) will cause little change in-zero shift vs.
temperature and transducer zero compehsations, but
completely remove the effect of span adjust and span vs.
temperature resistors. (If the current is truly constant,
then resistors in series with the power supply do not affect
current in the bridge and so compensation does not
result from their insertion.) -

Transducers can be ceinpensated for constant-current
operation by means of shunts rather than series resistors.
The procedure is more complex and not recommended
for *homegrown’ transducers.

Most transducer manufacturers will provide transducers *
for use with either-type power supply, often at no
difference in cost. Before either buying or building, the
type of instrument to be used must be fixed and its
operating principles determined. If not done, expensive
compensation may either be seriously downgraded or,
worse, not work at all.

Instrument Zeroing Circuits

Many instruments used with strain gages and strain-
gage transducers have an adjustment that allows the user
to balance the reading to zero when the transducer is at
zero input. In some cases, these instruments can be set at
zero with a fairly large tare input (fixed input of no
interest such as the weight of"an empty tank).

The zero-balance circuit shown in Fig. § is common
and, unfortunately, is harmful to the compensation
techniques just deséribed. Essentially, the circuit shown
shunts two arms of the bridge. For most instruments
with this type of balance control, all of the compensations
discussed are affected except bridge zero (which it is
designed to override). The amount of downgrading

depends on the resistors in the instrument but is often
the transducer well outside stated

enough to put
specifications.

<
N
BALANCE CONTROL

Fig. 5~-Undesirable transducer-balance control



must be exercised in the circuit used. A typical case
would be the use of three or four load cells supporting a
tank or a weighing platform. Since the load may be off
center, the reading must be either the sum or average of
transducers not all seeing the same load.

If inputs and/or outputs of the transducers are
paralleled, difficulties are encountered much like those
described above under ‘‘Instrument Zeroing Circuits’’; or
worse. The circuit selected for combining transducers
must be carefully chosen to prevent interactions. Figure 8
shows a popular arrangement.

INPUT <] A

General Circuit Considerations

All of the above individual circuit topics relate to some
form of problem that occurs because the transducer is
built to operate with a relatively ‘pure’ instrument but
often encounters a somewhat less ideal circuit. While
some liberties can be taken if a transducer-is to be
- constructed for use only with one particular instrument,
this is not the usual case.

It is advisable to investigate the design of instruments .
to be used with transducers and be sure they will not
adversely affect transducer compensation and performance.

BALANCE

- ' ~ Fig. 6—Recommended transducer circuit

Conclusions v

In general, building transducers will not be less
expensive than buying them. Rather, the decision to build
is usually based on one or more of the following :

" The preferred transducer-instrument circuit is shown in
Fig. 6.

Instrument Zero

When building a transducer, it is desirable to know the

true instrument zero to assure that the transducer bridge 1.

is accurately zeroed. A simple and foolproof method of

getting the value is to substitute the circuit shown in

. Fig. .7 for .the--complete--transducer-circuit—(gages and’
compensating resistors). The: four resistors in Fig, 7 are

all the same and about "half the strain-gage resistance.

No commercial transducer is available. :
2. A portion of a large structure is the required spring

element. . - :
3. "Many will be used and must be part of an assembly
to be manufactured. .

This ‘inside out’ or star bridge has two important
features. The instrument automatically senses zero bridge
output and, input and output impedances are about the
same as with the transducer in place. (Use of a star bridge
is also recommended in strain-gage applications where

Often, readily available commercial transducers will
satisfy needs; but in cases where they will not, the
techniques needed to compensate for most common
strain-gage-bridge errors are straightforward and easy to
master. Provided that instrumentation for use with the

very. small changes in strain are important. Unless the  transducer is wisely selected, quite accurate ‘homegrown’
instrument zero is precisely known each .time a reading is transducers are not difficult to construct. -
taken, very large errors can_be encountered-in-these test T o o

~ programs.)

Combining Transducers .

If the quantity to be measured requires a combined
reading from more than one transducer, special care

Fig. 7—Star bridge

<

T |
Tf
5 -

Fig. 8—Circuit for combining transducers

INPUT

AYYYYYY  YYYYYY Y VYY)

]




SESSION IV

TRANSDUCER DESIGN

‘l.'Materials.
(a) Steels (E = 30 x 10° psi)

SAE 4340, 410SS, RDS Tool Steel, Armco 17-4PH SS
-Electric furnace or vacuum melt

Hardness: R, 43 to 48 (BHN 400 to 450)

T.T.S. 225 to 250 KSI

i

0.T7.S. = 200 to 225 XSI

Y.S. = 175 to 200 XSI (2000 ue offset)
P.L. = 150 to 175 XSI (20 ue offset)
E.S = 85 to 95 KSI (N = 107 cycles)

3.00 (threads)
. E{ongaoion = 10 to 15%-
Design limits:

pe (static) = 150,000/30 = 5000 (overloads)
ue (fatigue) = 90,000/30 3000 (reversed cycles)
ve (threaded) = 3000/3 1000 (riominal) .

(b) Aluminum Alloys (E = 10.5 x 106 psi)

2024 T-81, 2014 T-6, 7075 T-6, X-2020
Hardness: BHN 130 to 140 -

T.T7.S. = 80 to 87 KSI

0.T.S. = 70 to 80 KSI '

50 to 60 KSI (2000 ue offset)

Y.S. =
P.L. = 40 to 50 KSI (20_ue offset)
E.S. = 20 XSI (N = 107 cycles)

Ke = 2.00 {(threads)
Elongation = 5 to lSp
Design limits:

ve (static) = 40,000/10.5 = 3800 (overloads)
ve (fatigue) = 20,000/10.5 = 1600 (reversed cycles)
we (threaded) = 1900/2 = 950 (nominal)



, o
(c) BerylliUM—Copper (E = 18.5 x 106 psi)

Berylco 25 HT
Maximum. Hardness (2 hours € 600°F)

T.T.S. = 200 to 205 KSI
0.T.S. = 200 KSI '

Y.S. = 175 KSI (2000 ue offset)
P.L. = 130 XSI (20 upe_offset) -
E.S. = 40 XSI-(N = 107 cycles)
Kr = 5 (estimated for threads)

Elongation = 1 to 3%
Design limits:

pe (static) = 130,000/18.5 = 7000 (overloads)
ve (fatigue) 40,000/18.5 2150 (reversed cycles)
pe (threaded) = 2150/5 = 430 (nominal)

i

2. Design Principles for Spring Element

(a) Integral spring (no bits & pileces)

(b) Maximum strain at gage locations (use flexures)
(¢) Uniform strain over grid area of gage

(d) Minimum strain at gage tabs -

- -Gage area consistent with output (MV/V) — o
Provide adequate heat-sink for power dissipation
Gage area accessible for proper installation
Rated strain consistent with gage endurance
"Caution" with threads:’

O M0

Preload if possible
Avoid "last-engaged-thread" - \
Use low nominal stress. = = - - oo e

(J) Achieve maximum natural freguency:

Maximum overall stiffness
Minimum overall weight

(k) Simole structure - easy to machine - low cost

3 Examples (sketches of good designs)
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© SESSION IV ”
TRANSDUCER DESIGN - ELECTRICAL ASPECTS.
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GENERAL INSTRUCTIONS FOR
THE SELECTION AND USE OF
TENS-LAC® BRITTLE LACQUER AND UNDERCOATING

INTRODUCTION TO BRITTLE LACQUER

Brittle Lacquers crack at certain strain levels. These cracks occur
perpendicular to the maximum tensile strains and are present at locations
where the strain level has exceeded a certain "threshold" value. For
Tens-Lac® Brittle Lacquer this threshold is nominally 500 micro-strain
(ve). In areas where the threshold is not exceeded, the lacquer will

not crack. Since cracks occur where the strain is greatest, stress =
concentrations can be quickly identified. The cracks also show the
direction of maximum strain at a point which allows for accurate alignment
of strain gages in order to obtain precise measurements. Test parts are
frequently loaded incrementally, and after each load increment, the
coating is examined for cracks. Areas where cracks occur can be outlined
with a felt-tipped pen, and the applied load noted. The accuracy of
brittle lacquer measurements depends on the application of the coating

as well as variations in temperature and humidity. If care is taken in
the preparation, application, and testing procedure, Tens-Lac® Brittle
Lacquer, when properly calibrated, can yield quantitative results accurate
to +100ue. Under optimum conditions, accuracy on the order of +50ue

is possible.

'SURFACE PREPARATION

It is essential.that Tens-Lac® be applied in an oil/water-free environment.

The test part must be completely free of o0il, dirt, rust, and loose
paint. However, a smooth painted film which is not readily softened by
the methylene-chloride solvent in Tens-Lac® Brittle Lacquer can be left
on the test part. Extremely rough castings, and highly porous surfaces
with numerous indentations, can be filled with an eqoxy. Any raised .
imperfections (e.g., excessive weld splatter scale, should: be ground
smooth .by using a file or rotary grinding wheel. Remove all dirt,
grease, etc. using solvents which leave no residue’ such as Tens- LadD
Brittle Lacquer T- 1 solvent. : \

THE UNDERCOAT

Tens-Lac® Brittle Lacquer Undercoat U-10, which consists of a mixture of
aluminum powder and a carrier solvent, is sprayed on the surface of the
test part before applying Tens-Lac® Brittle Lacquer. Undercoating with
U-10 enhances the v1s1b111ty of crack patterns. ‘Even if the surface is
bright or shiny, U-10 is recommended so as to produce uniform reflectivity.
Undercoat also makes it easier to judge the thickness of Tens-La®
Br1tt]e Lacquer during app11cat1on



~ APPLICATION OF U-10-A UNDERCOAT (AEROSOLS)

One U-10-A aerosol can will cover approximately 8 to 10 square feet.
Shake the can vigorously for several minutes to get the aluminum powder
in suspension. Periodic shaking of the aerosol can while spraying is
also required. Depress the spray head fully while the aerosol is aimed
off the part, then move parallel to the surface at a distance of ‘three
to six inches (7% to 15 cm). Do not release the spray head until the
aerosol is again beyond the surface of. the part. A thin, uniform coating
is produced and controlled by the speed of each pass, and the distance
from the spray head to the test part. The coating should have a wet
appearance immediately after spraying, but will dry to a flat finish in
15 - 30 minutes.

After dry1ng, it is recommended that the surface be brushed gent1y with.
a clean tissue or cloth to remove any dust which may adhere to the U-10
undercoat. Undesirable undercoat dust contributes to excessive bubbles
in the Tens-Lac® Brittle Lacquer coating.

Spray head clogging is unlikely. If clogging occurs, a 90° rotation of
the spray head will usually alleviate the problem. An extra spray head

is supplied with each can (found inside the 1id). Remove the old spray
head and wash out the nozzle hole in the U-10 aerosol can with alcohol.
Install the new spray head before the alcohol dries. A lubricant, such

as vegetab]e 0il, may be used to ease insertion of the new spray head. .
If oil is used, be sure to clean out the new spray head by spraying the

- aerosol for~ two to five seconds 7into a waste container. Spray heads for
Tens-Lac® Brittle Lacquer and U-10 Undercoat are different and not
interchangeable.

APPLICATIONS OF U-10-B UNDERCOAT (BULK SYSTEMS)

The U-10-B is applied to the surface of ‘the test part using a hand held
spray gun connected to a remote air supply. The air supply must be

~ completely free of o0il and water.__It is strongly recommended that - ---%-
separate guns be used when applying Tens-[ac® BrittTe Lacquer and Undercoat
as this minimizes the possibility of contaminating the Tens-Lac® Brittle
Lacquer. Fluid carrying hoses should be Photolastic's type XFH, other

hoses can deteriorate when exposed to the methylene-chloride carrier
solvent. The canister of the spray gun must be agitated periodically to
prevent the aluminum particles from settling.

Spray gun pressure can vary with the type of gun used. Excessive pressure
will cause the undercoat to be deposited too dry and dusty. With the
pressure properly adjusted, the undercoat should initially appear wet,

but not run on a vertical surface. Allow 30 minutes for the undercoat

to dry before applying Tens-Lac® Brittle Lacquer.

Immediately after application of the undercoat, c1ean:the spray gun,
hoses, and fluid cup, by spraying T-2 solvent followed by T-1 solvent
through the system.

SELECTING THE PROPER TENS-LAC® BRITTLE LACQUER

Selecting the proper lacquer is done with the selection chart (see

Fig. 1). Your ant1c1pat1on of the temperature and the relative humidity
at the time of test1ng will determine the proper lacquer.



For example, if the anticipated test temperature will be 709F (21.1°¢C)
and the relative humidity will be 50%, the proper coating indicated by
the selection chart would be TL-500-75. At test conditions of 700F
(21.10C) and 30% relative humidity, the proper coating could be either
TL-500-75 or TL-500-70. The higher number (TL-500-75§ would have better
sensitivity (lower threshold) while the TL-500-70 would crack at higher
strain levels. The lacquer will normally begin to crack when a nominal
strain level of 500ue is reached. However, an increase in temperature
or relative humidity will also increase the threshold of the brittle
coating causing a loss of sensitivity. At thresholds greater than 700ue,
the resultant cracks will not always remain open after removing the
load, and it may be necessary to observe the crack patterns on the test
part while under load. The threshold of Tens-Lac® Brittle Lacquer can
be lowered by decreasing the temperature. However, there is a practical
. lower threshold 1limit of 300ue. Below this level Tens-Lac® Brittle
Lacquer enters a high state of internal tension and random cracking
called "crazing" occurs (see Fig. 2). These random cracks make testing
very difficult, and it may be best to respray the part.

TEWNS-LAC BRITTLE LACQUER — SELECTION CHART
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GENERAL SPRAY TECHNIQUES FOR TENS-LAC® BRITTLE LACQUER

The development of good spray techniques is essential in order to obtain
perceptable crack patterns. An important point is to avoid producing an
excess of bubbles. Spraying too far from the part (depositing dust), or
spraying too thick a coat (trapping solvents), can produce too many
bubbles. If too many bubbles are present in the coating, the crack
patterns will be difficult to detect. Tens-Lac® Brittle Lacquer should
be applied in relatively thin, wet layers, allowing approximately two
minutes between coats. This method permits the carrier solvents to
evaporate. Thin coatings are produced by moving quickly over the part.
Wet coatings are produced by decreasing the distance from spray head to
the test part.



#

Sufficient layers of 8 to 12 coafs will produce the desired thickness of -
.003" to .006" (0.08 to 0.15mm). A uniform thickness is seen by noting
the variations in color of the coating, Lighter colored areas indicate

.a thinner coating where more material needs to be added. It is advisable

to practice the spraying technique on some calibration bars before doing
an actual test. A micrometer can be used to relate the thickness of a
coating to the shade of green.

The best lacquer surface is not a flat one, but one that is glossy with
an "orange peel" appearance. "Orange peel" surfaces crack in a more ‘
repeatable and predictable manner than flat coatings. Spraying in
highly humid areas (over 50% R.H.) may produce a "blush" effect caused
by water condensing on the cooled surface. Each new coat will dissolve
the previous blush. Wait 15 minutes before applying the last coat.

SPRAY TECHNIQUES (AEROSOL) : : _

It is not necessary to shake Tens-Lac® Brittle Lacquer in the aerosol
cans. However, if the spray head becomes clogged, an extra nozzle is
supplied with each can (found inside the 1id). Remove the old nozzle
and install the new nozzle following the same procedure as mentioned

earlier for the Undercoat U-10 aerosol cans.

Remember, spray heads for Tens-Lac® Brittle Lacquer and U-10 are different
and not interchangeable. |

The average distance-for spraying Tens-Lac® Brittle Lacquer aerosols is
about 5.inches (13 _.cm). . The.surface temperature-of-the test part will’
drop slightly due to evaporation of the solvents and.from the propellant
in the aerosol can. Thus, the test part needs sufficient time to recover
before the next coat is applied (typically 2 min.). This is especially
true of thin metal and plastic parts. - :

SPRAYING TECHNIQUES (BULK SPRAY)*

It is important to have an air supply free of oil and water for any bulk- ... - - ———
spray -system. —If—aremote feed s used, the fTuid hose should be Photolastic's

XFH Fluid Hose. Other fluid hoses can contaminate the Tens-Lac® Brittle

Lacquer and change its properties. The air pressure needed to spray

Tens-Lac® Brittle Lacquer can vary with different guns. If the pressure

is too lTow, the Tens-Lac® Brittle Lacquer may be heavy apd run. If the

~air pressure is too high, the Tens-Lac® Brittle Lacquer may be deposited

as dust and the cracks can be difficult to detect. Properly adjusted
air pressure should deposit the Tens-Lac® Brittle Lacquer to appear
initially wet, but not run on a vertical surface. After spraying, the
gun and system components should be thoroughly cleaned by using T-1.

DRYING CONDITIONS FOR TENS-LAC® BRITTLE LACQUER

Parts should be sprayed at ambient conditions, and dried 20-24 hours at
50F or 109F (2.8°C to 5.6°C) above the grade of material selected. ‘
After drying, the part should be cooled slowly to the environmental test
conditions. "Rapid cooling will result in "crazing" of the brittle
coating. For parts to be tested below 700F (21.1°C), spray and dry the

*The Photolastic Model TBS-3 System is recommended



coating at 700F (21. 19C) or above for 20-24 hours, and ;hgn (educe the
temperature slowly to test conditions. Temperature equilibrium must be
reached before proceeding with the test.

ALTERNATE DRYING: ELEVATED TEMPERATURE

In some. cases, testing requirements dictate that the part be tested in
the shortest possible time. Preferably the same day as the Tens-Lac®
Brittle Lacquer is applied. For these applications it is suggested that
the Tens-Lac® Brittle Lacquer coated part and calibration beams be force
dryed at an elevated temperature. Allow % to 1 hour of normal drying
time at room temperature. Place and cure the coated part and calibration
beams in an oven set at 1009F (37.8°C) for several hours (3-5). Cool
the coated part and calibration beams to the test temperature. When the
coated part and beams are at the test temperature proceed with the
calibration of the bars and testing of the coated part. The threshold
of the Tens-Lac® Brittle Lacquer might be slightly higher due to the
elevated temperature cure.

TESTING:- CONSIDERATIONS

Always prepare an ample supply of calibration beams (typically four or
more). The beams should be sprayed with undercoat and Tens-Lac® Brittle
Lacquer in exactly the same manner and at the same time as the test

part. During the cure, it is very important that the calibration bars
and test part experience- identical temperature and humidity conditions. -
Whenever possible, the bars shoutd be placed directly on the test part
during the cure cycle. Further, it is desirable to load the calibration
beams over the same Jlength of time that it takes to load the test part.
This compensates for creep, or stress relaxation in the Tens-Lac® Brittle
Lacquer which can in turn influence the threshold sensitivity.

Cracks are more easily observed when the part is under load and viewed
using a portable Tight source such as-a flashlight. Direct the light at
an angle of approximately 30 degrees with the coated surface.

It is convenient to outline the crack patterns using a felt tipped pen.
The outlines are easier to phetograph than the cracks themselves.

For examining the crack patterns during successive loads or incremental
loading, reduce the load to zero between each load increment. Zero load
should be maintained for twice the duration of the previous load increment
before re- loading to the next 1eve1

COMPRESSION,TESTING

While brittle coatings are used mainly for locating tensile strains, it
is possible to locate areas of compressive strains. This is achieved by
loading the test specimen first and then applying and drying

Tens-Lac® Brittle Lacquer. After the proper drying time has elasped,

the specimen can be unloaded, and the coating will crack showing areas
of compression. This occurs when the unloaded compression strains show

up as-tension strains in the coat1ng Special calibration procedures
are not required.

“Another method of measuring compression is tp coat and load the specimen
in the normal manner, but maintain the load for 3 to 5 hours. During



th1s per1ed the Tens-Lac® Brittle Lacquer relaxes, and when the load is
finally removed the released compression strains appear as tension in
the cracked coat1ng In these instances it is reasonable to calibrate
in a like manner. The sprayed calibration ‘beams should be installed in
the Tens-Lac® Brittle Lacquer C-220 Calibrator with the sprayed side
down. A small clamp, dead weight, etc. will ‘hold the beam in its full
deflected position while the lacquer relaxes. The calibration beam
should be released at the same time the test part is unloaded.

INSTRUCTIONS FOR TENS-LAC® BRITTLE LACQUER CALIBRATOR €-220

The Calibrator is a convenient, lightweight device for determining the
threshold of your Tens-Lac® Brittle Lacquer.

1. Spray a calibration bar on one side except for an area of T" to
1-%" at one end. Spray it with the same number of coats, at
: the same.time, and same place-as the test part is sprayed. Keep the.
calibration bars with the test part so the bars experience the
same cure history as the part. This is very important.

2. At the time of test, put the uncoated end of the bar into the calibrator
as’ shown in Figure 3,

3. Set the strain range selected by turning it until a knob aligns with
the strain scale for the range desired. The 300 to 1500 microinches/
~inch range will be used most often. Even -high threshold coatings

(above 1500 microinches/inch) should_be_checked .on-the 300 to 1500 i
“scale first. : -

4. Depress the bar until it touches the range selector stop. Important:
Place your thumb directly over the stop - not at the end of beam.

5. The first full crack on the bar that is toward the Tow end of the
strain scale (toward you) is the threshold of the lacquer tested.
Match this crack with the correct strain scale. Cracks are most S
——easily-observed WHILE UNDER LOAD-AND-by having the Tight come from =
behind you as you look at the bar at a shallow angle.

6. Each calibrator has been adjusted and indiyidual]y calibrated at the
factory to produce the correct strain fields in a one-eighth inch
thick bar. Therefore do not remove the lacquer from the calibrator
bars by sanding or mechanical abrasion. Under the proper ventilation

conditions remove the Tlacquer with Tens-lLace thinner and the Under-
coating with T-2.

Eigure‘3‘
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1. Reason for Rosette Analysis

At any point on a free (unloaded) surface of a solid it is neces-
sary to know three independent quantities in order to specify the state
of stress completely. These quantities are the magnitudes of the two

589

principal stresses, 0‘1 and 0'2, and their directions, ? or (<? + 909),

with respect to some reference.

For isotropic elastic materials these values can be calculated
from strains measured on thae surface at the point in question¥,
since three independent quantities are to be determined, in general,
it will be necessary to ms<g three independent measurements of strain,
There are, however, some special gituations in which one or two oL~
servations of strain will suifice to provide the information necessary

for completely wstablishing the state c¢f .stress,

2, Stress Fields

(a) Spec al Case of Uniaxial Sbress (Simu.e Tension or. Compressjon) -

In +he case of simple tension or compression, one knows tha% the

directicns o2 the principal stress axes will be parallel and perpendicular
to the direction of the .applied force, or 1oad, and that the megnitude of
thé principal stress whose direction is at right angles to the lcad will

be zero,

°

This means that two of the three quantities are known from the pre-

vailing physical conditiong, _ On .thig--account;—it-will thérefore be
“hecessary to make only a single observation of the strain along ths
direction of the load in order.to determine the orne remaining unknown

quantity, For an elastic body, the stress may be calculated as follows:

# It will bse well to draw attention to the fact tﬁat,*although one refers

to the stress condition at a point, the manner of measuring the strain

gives the averege over a small distance, 'Therefore, from tre practical
point of view, the results of a set of rosette observations will approxi=-
mate the average conditions over a small area, This is not objectioneble

as long as the length over which the strain is measured is short enough so
that there is relatively little change from one end to the other,
gage lergth will therefore depend upon the strain gracient and may run
from small (1/32" or 1/16") values to as ruch as 6 or 8 inches or even

more,
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O’ a E xve ' ‘ ' . 1)
where 0’ = the stress intensity*

E = the Modulus of Elasticity of the Material
€ = the measured strain (+ for tension and = for
compression)

(») Special Case of Biaxial Stress (Principal Stress Directions
' are Known)

.In a few special cases, in which the directions of the principal
stress.axes (ang'¢ ¢ ) can be established by auxiliary means such as'
conditions of symmetry, or through a previous application of Stresscoat,

“there are only two unknowns, '3 and 'y, the principal stress magni-
tudes, to be detzrmined, These can be found by measuring the corres--
ponding principal strains,. El and 62, in the directions of the princi- -

- pal stress axes, and calculating the values from equations (2) and (3),
which have been developed on the assumption that the naterial is 2les-
tic and 1sotropic, i '

Eo ' ~. ‘ ’ X
f“l a —  x (€, +/~x€2) , - (2)
1o '
' E : . :
G‘z = 5 X (,u6'1+€2) ..(3‘).
1-p
where cri = the algebraically larger principal stress intemsity
' <f2‘= the algebraically smaller principal stress intensity
e]'a the algebralcally larger principal strain
ez a the algebraically smaller princ -pal strain
E = the Modulus of E’asticity of the Material

/& a foisson's Ratio

For later use it will be more convenient to express the values of
the principal stresses in the form

A .

ope e {ts Alf,*} | (28)
A |

0‘233{1-,...'_ "-12;*} (3a)

¢ If the stress 1s tension, v represents (fi, the algebraically 1arger
principal stress and Q' = 0, whereas if the stress is compression =
0 and U‘corresponds .o(rz, the slgebraically smaller yr‘ncipal stress,
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€, +€, o o .
where A = ) =  the hydrostatic component of strain and
corresponds to the center of Mohr's Circle
€, - 6‘2
and B = = the shear component of strain and corres—

: ponds to the radius of Mohr's Circle,‘

“(¢) .The General Case -

In many instances, neither the magnitudes of the principal stresses
nor the directions of their axes will be kiown, This means that for a
complete descxiption of the state of stress, at aay particular poxnt,
thxee 1nd°pendent quantities must be found, In consequence, 1t will be
neceesary to meke three measurements of linsar strain in different di~
”rections, and, from these three observations, to compute the two principal
stress magnitudes and the directions of the axes,

~

Figure 1 N
, For example, Fig, 1 111ustrates a pair of reference axes, OX and
0)'g (90 apart), and three otherfaxes, OA, OB, and OC making angles
ea, eb, end 8 ,, respectivelytwitb the reference axls 0X, The axes
OA, OB, and OC, form what is described as a "Rosette" and, if corres-
ponding linear strains € 4, €y, and € ¢y Bre measured in their re-
spective directions, one can calgulate the linear and shearing strains,

"ex' Qy, and 2{ ,' corresoonding to the 0X and 0Y axes of reference,
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The values of €x. €y, and ¥ xys 8re calculated in terms of the
- measured strains, € ar € b? and € o! from -the simultaneous solution
of the equations (4), (5), and (6), :

. i . 2 2 . R .' :
Ga €x>Cos e, +-€ySin e, +B’xysm 6 Cos 6 (4

€ ;—=€-Co‘sze -re sin? © (5)

+ Sir Cos 6
b x b xxy A eb

b . b

I =,€x coéz e, + € Sin? o, + gxy sin & cos O, (&),

c

where é; = Linear strain in the direction of the OX axes
e = Linear strain in the direction ot the OY axes
sz = Shear strain referred to the CX and OY axes

When € _, € o! and X , have been determined by the simultaneous
solution of equations (4§¥ (5), and (8), the principal strains may be
found from the expressions '

s

N A N KGR A @
| = A + | (7a)
and ‘e €, +€ . — - .
g ==t - 3 \/ (€, -€N"  + ¥, 8)
= A - B | . - ~ (8a)

The magnitudes of the principal stréases,a:e then determined from
equations (2) and (3) or (2a) and (3a) and the directions from the ratio
of the quantities under the radical in (7) or (8) above, since,

,ténz.cf’ = g;x_y.ey R TS

where @ = the angle of one of the principal axes with respect to the
' ' axis of reference, (The distinction between the two princi-
pal axes will be considered later.) e
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3. Rosette Geometry

™~

Theoretically the relative directions of strain measurement (Angles

© .4, 6y, and 8 ) are of no particuler importance, howaver, from the
practical consideration of solving the equations one finds that certain
preferred orientations permit of much simpler reduction of the strains
into terms of stress, :

At the presont time there are four generally accepted arrangements
of the gage axes for strain rosettes, Basically there are just two
arrangorents, the rectangular, and equiengular, but each of these has
a modification involving a redundant fourth observaticn of strain,

(a} Basic Arrangemernts Involving Three Cbservations of Strain

1, The Rectangular ngettg in which the three gage'axes are
~ laid out at 45" and 90" to each other as shown in Fig, 2,
4C c
B
. - e 452 —— — = -or - o o
45° .
) A A
~Figure 2
2, The Equiangular or Delta Rosette in which the three gage

~ axes are leid out parallel)to the sides of an equilateral
>.triangle. This type of rosette has the most desirable
orientations of the directions of strain observation but

the equations for computing the stress values are not
quite so simple as those of the rectangular rosette, which

- for this reason, is preferred by many investigators,
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Figure 3

(b) Modifled Arrsngements Involving Four Otservations of Strain

‘10

The Rectangular or Fen Type Rosa2tte with the Iour gage

axes 45° enart as indicated iz Fig., 4, Although the
fourth observation 1s theoretically unnecessary, nover=
theless, it provides a convenient means of checking the
obgervations since the sum of the strains in any two
directions at right angles should be a constant for a

given set of conditions, that is,

(€a' + €c)=(€b» + €d)
C

.D ﬂi; 45o B»

45° ¥y a5°

NN .

- Figure 4
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The Tee-Delta (T=- A ) Rosette is essentially the same as

the equiangular arrangement with the addition of a fourth
observation which is made at right angles to the direc-
tion of one of the other three, It is claimed that this
form of rosette has all the desirable characteristics of
the equiangular type plus the advantage of a little more
precise determination of the hydrostatic component of .
strain et the reference point, if this coincides with

the intersection of two perpendicular gage axes,

% 60° 607
— T
. 90‘& D .

Figure 5

4, ,Anaiyticg; Solutions

- (a) The Rectangular Rosette (With Three Obseivations of Strain)

If the OA axis of the rosette (Fig, 1) is’ taken as the reference, ... .
. and conpidered us coincident with OX, thén, for the arrangement of the
strain gage a:xcs in the rectangular rosette (Fig, 2),

P 0 0

a 2 0 eb = 45 60 = 90
" and .
Cos © : Kl

Cos O = 1 Coseb == Cos Qc = 0
- 1

smea = 0 S:ln_@b ={-5_—_-=- Sin Qc a 1

By substituting these particular values of the trigonometric
functiona into equations (4), (5), and (6), one obtains the relations

2 2 i
Ea = €, W% + € (0 4 b’,'q,(mm (10)
2 ' 2
= /i) /i) i)
€, €XJ§.‘ €y X"Y\f‘ > (11)
ec = E‘x(o) + €4y(1)3‘ + Xxy('1)(o) 12)
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ﬁ'om wliich it 1s seen that

‘e o . € € (14), |
ex . ea (13V)1 .y c . |
-and .- '
€, €, Y xy
€ b * 3 Y =% ¢ 2
€ €ec ¥ xy
= v 3t ~2
or ' | o
C xxya Zeb - (68' +€c) : (15)

By substituting (13), (14), and (15), into equations (7} and (8)
‘one obtains the values of the principal strains directly in terms of
the observations on the rosette as

e €, +€, 1 2 | | 2
€1 == 2 o3 \/(Ea -€c) *+ [zeb - (ea +-ecs] :
' ‘ _ (16
= A L ] . B (168)
€% €, v [ 3 . 2
;62 = ——— - 5 (66»-60) + [zéb- (€a +€c‘8
' : (17)

= A - : B : (17a)

These values of 5‘1 and -€2 may now be employed ‘in equations (2) ‘and
{3) in order to determine the principal stresses, 93 and O, However,
in most cases, one does not need to know the numerical values of the prin-
cipal strains; therefore, a little time and effort can be saved by using ~
equations (2a), (3a), (16a) and (17a) since for this type of rosette

€, +€ :
A = a §c - {(18)
2 .
and . : a
1 .2 ‘ . 2
B = —5— J(Ga ~€)" « @eb - (€, +£c)] : (19)

from which the values of the principal stresses can be expi'essed directly
in terms of the strain observations on the rosette, as follows:



597 .
Chapter XXIIIX : ' ROSETTE_ ANALYSIS

g = {B € P \/(Ea-ec)2+[2€b—(€a.+€c)]2

i 2(1 =~ ) 2(1 )
‘ Pé‘ s (20) ,
G‘a + i 1 2- {} %
_ B . 21 !

Mathematically, equations (20) and (21) are not in the simplest form,
but the form given lends itself better to the determination of the '
directions of the principal stress axes, v '

Determination of the Directions of the Principal Stress‘Axes

By~ substituting equations (13), (14), and (15) into equation (9)
one obtains the expression
: - 2€ - (E +€) ,
tan 2 4?- = b a . - o (22)

which yzelds two values of q? » One value corresponds to sach principal
stress axis but which of the two sxes corresponds to cfl , the algebraic=-
giiy larger principal stress? ~
In the literature, no uniform convention kas been adopted by the

various writers on the subject and in consequence there is an apparent )
confusion which necessitates the exercise of extreme care. in-making-onetg—~—
_interpretation of the physical significance of the values computed for ‘
the anglg ?

Fortunately a check can always be made by sketching Mohr's diagram
from which the following rules can be established

Definitiont

Let q?l a  the angle measured (positive in the anti-clockwise
direction) from the positive OA axis of the strain
rosette to the positive 01 axis which corresponds

.to the direction of 0‘1 '

Rules (to be proved later)

1, When' £ > EAa +ec
b 2 -

qP 1° lies between 0 and +80°
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€, +€ | o
8 ¢ -
2, When €b < ) '_:S)l' 1.1e‘s between 0 and =90
| €, *€,
3. When f?b = ~3
and (a) €a >€c ,Ga a 61 an@ ?1 a 0
w €, L€, € =€, and @ = t

Bl

{ZGD' (€, zc)} )

Figure 6

Mohr's Circle for the Rectangular Rosette
(with three observations of strain)
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v

Proof of Rules”

An inspection of the diagram, Fig. 6, shows that the strains € 4,
€ b, and € ¢, are represented by points A, B, and C, on the circumfer-
ence of the circle and at the ends of the radial lines which are 90° =
(2 x 45°9) apart taken in the same sequence as the rosette axes which
are 459 apart. . :

If the point A lies anywhere along the semi-circumference below.
the abcissa, ther the angle 2(91', will be positive, and have values
petween C and 180°, so that &3 will be between 0 and 90°, If the
point A happens to lie on the semi-circumference above the abcissa,
-then the angle 2 é)l will lie between O and -160° and @1 will be
between 0 and -20°, C

~ How can one tell whéther point A is above or below the abcissa on
the Mohr diagram? '

————= = ' A’'gtudy of Fig. 6 shows that poIntTAj will lie below the ahcissa
whenever point B is to the right of the center of the circle, that is,

when € €a* €. . point A wil1l be above the abcissa when
b>-—-———-—-—- : i .

and will lie ‘on the abcissa when eb =€+ € c .

Therefore the following rules can be set down: ... o . - = ———=

(a) 4) will lie between O and +90° when € €a + ec
P between 0 anc py Sal Se

Y ; 2
2‘ :
2
€
0
o
Mohr Diagram for €b> €, " ec ‘ Roéette
2 Diagram

Figure 7

" (b) Ql will lie between 0 and -90° when eb-
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Z.
2
e ea‘
-], = N
b 2
. B
€
0 €9 459
450
T €, —~P
A
€q + €¢ - ' ° ‘\&
_ ) 1
2 ‘.
y D‘V € (ea + €, B ‘ Rogette
ohr ‘ iagram b 3 : Diagranm
‘ Figure 8 R
| €,+€,
. g c
{c) when € b__= D)
' @1‘ = 0 if e a) ec
X o
j P, =912 €, <€,
|
¥ €4 + €
5| ep= 5 o
. B

Co ‘ Rosette
- M i
‘ ohr Diagram e ‘ Diasgram
_ , + € _
For case in which €‘b = 2 5 S snod ea > €°

Figure © (a)
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Y
2 [ S €C= e' - 3
| €4° 62. < .
S
: C1 P
: € B~ B
4
45°
"5\ . -
o
2, =180 \945 \
N £
- Tz A
f : : Rosette
Mohr Diagram Diagram
€,+€,
'For case in which eb = =2l and € 4,6"0

_ Figure 9 (® . e

(b) The Equiangular or Delta (4 ) Rosetie

Following the previous grocedure, in which the OA axis of the
rosette 1s taken coincident with the OX axis of reference, for this
arrangemont glves :

€& =0 o & = 120° & = 240°
I - Y ° R .. c o ) e
s | | _ .
Cos 9a=1 Cos 9b=-1/2~ Jos 9c=-1/2
Sin @_ = 0 sine = Va/2 Sin 8 a~J3/2

Upon substitution of these values in equetious (4), (5}, and (6),
" there results

| - 2 2 ‘
€ é_xu) + € y (O ¥y @M (23)
2 2
1
€p= 6« € LR Xxycl/-g;)c- B gD
L2 2 '
€, € + € O CTR B’xy(—":g—)c-_ » (25)

‘which reduce to
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g €, = €, | (zg)
€b =§4—’5- + Te - \-{—i—-b’«xy. (27)
€, = %—"— * ———=6y+ [g—b}xy (28)
Adding (27) and (28) gives _
€, ;.'ec = gﬁl‘. . _g..é‘y | O (29)

Introduction of éEa for éfx according to equation (26) above results in

. ) . 'ea 3 €
€, +€, = 5 + 5 €,
frum which . \ ' '
. 1
}.E,‘y = 5 (2€ p * €, -€) . (36)

/
By subtractirng equation (27) from (48)

v3
ec -€ = Txxy

2 ! .
or XXY =;7-§-x (€c -€b) (31)

We may now proceed to the evaluation of the principal strains in
terms of the rosette observations by setting up tha expressions for A
ead B,

. l .

A - €,+€, g €, * -5_(2‘63b + 2€ -ea)
2 2

€a *€p Y€ . |

S | (32)

\/ce - e')2’+3( 2

xy

= i\/{e -—(ze +2€ -e) {-(e ‘-eb)}z
/{e }eb' +ec‘i}2 {-(G -eb>}2

(33)#

o
]
| IR

% A more concise mathematical form has been given by Mindlin, but
the above saves a few steps in the numerical solution,
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€, =44+ 8 (7a)  €,= A- B © (8a) .

€»+€ +€ ' 2 - €2
€, - 222 °+ﬂea-§cea+eb+ec)} 4{6—-——-"\/3% (34)

| €a+€b+€c 1 2 {ec‘eb2
€2f 3 e {e_a"’i(ea*eb*ec)} *""";""} - (35)

ABy substituting the values of A and B, equations (32) and (33),
into equations (2a) and (3a), the principal stresses in terms of the
equiangular rosette observations are found to be

| 5
: €, +€, +€ 1 / 1 2 g -EpY 2 l
0"1 = F L=y ¢ '1"'.;7’1‘ ‘{ea -5 (€_+€, +€c)} +{-——-J_-3-—~} |
o -I:' ‘ , ‘ - (36)
- V o éﬁﬁ,e,a +veb,+ s,c . 1 o
- 0= E ey ?~1+I‘~ {€~--(€ +€, +6)7r {-(G 6)}
| (37)

The angular orientation of the principal stress axes may now Le
found by taking the ratio of the quantities under the radical in equa-

tion (36) or (37), That is equivalent to substituting the values from
equations (26), (30), and (31) 1nto eqLation (9), wh ch will yield

. Vr' (E? -é? ) ‘ A
t 2 = : 38
. * ? ‘ea -Eb aec . 8

Since the solution of equation (38) ylelde two values for the

"~ angle ¢ , one muct establish some means of determining which of them

corresponds to tze angle g? 1° The following ruies, to be proved later,
will answer the questi on,

1, - Wken €c > €, ? ; lles between 0 and + 900
2, When € b Y €. ? 1 lies between 0 and = 90

3, When €, = €,

(a) 1€, Y€, =€, - €,=€ e P,
(b) 1f é‘a (€L =€, '€a'=€z and ?1“:‘:900
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Proof of the Rules

8ince the gage axes of the equiangular rosette are inclined at
120° (or 60°) relative to each other, the points which represent the
corresponding strainas on the circumference of Mohr 8 circle will be
located at the vertices of an equilateral" triangle ACB as indicated in
Fig, 11(c).* :

4
2

(a) W P ()

~-- Gage Axes and Mohr Diagram
' ‘ : Equiangular Rosette
Figure 11

" A study of the diegram reveals that as the strains €a Gb; and:
€?¢:, vary, the triangle ACB will rotate about its centroid, which is
located at the center or the circle. .

'~ #The Reader's attention is drawn particularly to the observation that
1f one starts at point A and follows around the circumference of Mobr's
circle in the anticlockwise direction, the next station reached will be
point C, On first thourht, this might appear to be an error, since in
golng around the roset: » axes in the same direction, axis B follows
axis A as shown in Fig, l1(a), The apparent discrepancy is caused by
the fact that the angular displacements are doubled in Mohr's diagram,
If one extends the axis OC into the position OC shown in Fig, 11(b),
‘then the reason for the reletive pos‘tions of the points A, B, and C
on the circumference of Mohr's ¢ircle should be clear,
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if the point A happens to fall at the extreme left of the circum-
ference of the circle, Fig, 12{a), then, since the centroid of ACB lles
on the abcissa, CB 1s at right angles to OA which means that ec -'eb
Also, because A 1s at the extreme left of the circle €, = €5, the '
algebraically smaller principal strain, From the diagram it is seen
that 2@; = % 180° and therefore 971 =t 90°, which substantiates rule

3(b),

=

% < ebz €e —_— : ] .

—> \
o00 900
’ ¥ 2
0.
C
e Y ¢ R
| Mobr Diagram Rosetto & Principal Strain Axes

Equiangular Rosetto.- Special case in which
. e + 0
€b ==€c >€a €a = 62 and -?l =“... 20
Figure 12

If the relative values of € € b’ andG are now changed so that
the triangle ACB rotates in an anticlockwise direction from the position
in Fig, 12(a), E"b

on to the lower half of tbe circumference of the circle, Under these

will become smaller: than €c, and point A will move

conditions the angle 2?1 will be between 0 and + 180 . and ?1 ‘between
0 and +90 as shown in Fig. 13 and atated in rule 1,
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X

0 6:2 ' 1€,
<t é‘“ "—HA
(a) Mohr Diagram (b) Rosette & Principal Strain Axes

1

Equiangixla_r Rosette - Case in which €c > € b
) : a0 - 'O
o < 2§, ( #1807 o< ?,1 { +80
' Figure 13

When the trianble ACB has finally rotated through 180o the point:
A will have moved along the entire lower semi-circumference of the circle
and taken up the position shown in Figure 14(a), such that 2<§ a0,
? 120, €,= E‘ 1, and since A is again.on the abcissa€ = € be
This time € Y& .= 5’ and rule 3(a) is satisfied.

Ye el o
4p-€ixé% —al

" (a) Mohr Diagram
Equihngular Rosette - Special case in which

‘ , ] .
€.2€, =€, €a=€1 .C?"‘l'a 0 .

Figdre 14
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When the strains are further altered so that the continued rotation
_of the triangle causes the point A to move on.to the semi-circumference
above the abcissa, then according to definition, 2@1 becomes negative
and will lie between 0 and -180°, and €, will be larger than € . until
A returns to the position corresponding to € 5 where equality is again
established between €b and Gc, This establishes rule 2 and is indi-
cated in Fig, 15, :

[Tl '

<£-6E->{
C' 5
A \ 900 .
\ W\ A
€ B
0 '5' '

<— €4 —#|s

(a) HNohr Diagream ‘ {b) Rosette and Principal Strain Axes
- Equiangulsr Rosette = Special Case in which € b ) € o
2 §)1 lies between 0 and -180°
- 80 & 9, {o
;Figure 15
ROSETTES WITH FOUR STRAIN OBSERVATIONS

(¢) The Rectangular Rothte with Four Observations
o

in this rosette arrangement

D ’ B
' ° ol the fourth ovservation of
135 i 90 ill strain is redundant but it

. NS R 45° doeés provide a check since,
ﬁg : .. within the limits of making
| A the strain readings,
/ . E €, =€ €, @
[ o : '

N
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In this case, it will be simpler to state the expressions for the

principal strains, principal stresses, and the. angle @1 and then to
prove them graptically with Mohr's diagram. '

Here €1 = A+B S ' - ‘ (16a)
€ +€_+ € +€ | '
a " b c d 1 - 2 - 2
| - , +5\/<ea €%+ (€, -€)°
and Gz= A-B | _ (17a)
€ a + E?b + e'd + e‘d 1 2 . 2
= T “"2'\/(6a °€c) +} (Gb ‘ed) (41)
Frem which one sges that
' . € + €, + € _+ €
A= & b . d (42)
4 ,
and -
2
d) (43)

Bagy (€, -€) + (€, -€

As previously, the direction of the principal axes may be found
from the ratio of the quantities under the radical such that

tan 2 . S, (44)
@ €, €. . '
Insertion of the values of A and B into equations (2a5 and (3a)
produces the expressions for the principal stresses as
e ,+€ € +€ ~ -1
C,=pf—t b e 4, 1 e -e)%+ (6-€)’
& 4 (1 -p) - BT Y¢ N S A VAR J
: . (45)
and._o’ Er€a+€b+€c+€d 1 r % -;
2" 4 (1T =p3 T 21 T 5\/‘1; €a ~€Q°+ (€p'€d). .

1
:

i

(46)
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' The rules for determiding épl'are as followsy

1, Iif éb » €, then 2@1 lies between 0 and + 180°

and Q 1 lies between 0 and + 90°

2, 12 €, { €, then 24, 1ies between 0 and - 180°

and Q 1 lies between 0 and - 90°
3, 1t € p = €4 then

(2 12 € _>E, €,= €_ ana P = o

() 12 € _ (€, €,= €, end c?l= 90

o]

The above rules end equations (39) to (4€) may be proved by re-
~gourse to Fig, 18 which shows Mohr's diagram fcr this type of rosette,

- Since the direciicas of strain measurement in the rosette are inclined
cuccessively at 45° , therefore the radial lines to the poiats A, B, C
and D, which represent the strains on Mohr's circle, will ke inclined

. successively at 2 x 45% = 90°, Therefore, A, 2, C-and D will be located
at tho corners of a square inscribed in the circle,

Sibce the intersection of the diagonals of the square will coincide

"with th center of the circle and becguse the position of the center of

"square corresponds to the averege of the four corners, therefore

a'Ga + €+ éc,+ €4 |

4

A

(42)

e e g -
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_‘L'et us ndw determine B, the radius of the circle in terms of € ’ eb'

€ o, and €4, the horizontal distances from the ordinate through 0 to
the corners of the square, This will require the following construction.
Let P be the center of the circle and drop perpendiculars Am and Bn
respectively from A and B on to the abcissa at m and n. Then from the
right angled trlangles APm and BPn

AP = BP {radius of the circle)

[ PmA = | PnB 90°

and since [BPA'= 90°

[ePn = [pAm  (90° ;2@1)

Therefore A®  Apm and BPn are equal, so that

€ € .
Am = 'n = -—-—L—---2
2
end since Pm::———~ai~—é——j—3

the hypotenuse = radius of the circle

" €a- €c\ 2 S Eph. €4)\2
- JEate) (gt

= vz (€, - €07 (€,-€9% =B )
also .- o '-é' - 'é‘- : »
b d -~
Am 2 b~ €4
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(d) The T - & Rosette

Figure 20

ROSETTE ANALYSIS

If one considers this rosette
arrangement as contalning a delta
rosette with the addition of a
fourth gage whose axis D is at

right angles to the axis A, then,

although the fourth observation is
reduncent, a variety of solutions
can ba obtained utilizing all four
strain readings, ) '

Meierf gives a solution based on'the
method of least squares but its
complexity is rather a disadvantege.
The following simrle soliution is
therefore presented since 1ts re-
duction of obaerved etreins - into
terns of stress will be very much
easier,

Since the average of any two strains measured at right angles gives
the position of the center of Mohr's circle, therefore, for the T - A&

Rosctte the quantity

- . ' 2 g
- Also, from the & Rosette
: » €.+ €, + €
‘Therefore for the T - A Rosette
ea + e d - e + e + e |

Furthermore, from the A Rosette '

P

_ D) .
, ' €. +€, + € '
B =J{€a- a__ 3" °} +-{7§—-—(€c-eb)}  (33)

* Improvements in Rosette Computer, J. H, Meier, SESA Proc. Vol, III,

" No, 2, p. 1.,
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€a+€d

so that 1n the cage of the T - A Rosette, if one. subst‘tutes

e
for ea+eah+eg,then
€ €a+€f)'+€c' €_ €a+€d - €a—ed (a7
a T 3. = “a 2 = 2 |
and 4 ' -
. 2 >
, € -€ -
B ,.:'( a d) +<<€° Eb-) S (48)
Agaih, from ihe Rosette since
L
- VG; (ésc‘- elﬁ :
. ten 2 q)_ = €q " Ea+€h + €

3

by substifution.of equation (47) in (49) one obtains the ratio of the
quantities under the redical of equation (48) such that
oy -

(€ f'f? )
- e )

ian 2

i

(50)

L

The rules for assigning the two values of q), given by equation
(50), to the correct principal axes will be exactly the same as in the
cage of the equiangular rosette,

For the T - n Rogette one may now express the values of the
principal strains as follows, :

E‘1’= A+B - . (16a)
€,+€, ea;ed\"z'éc-eb.z

\= ) + 5 + 73 (51)

€2= A- B ' (17a)

iy LY +<"‘%’a—"> (s2)
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The principal stresses will be

)

e;l +€d " ) 1 Jl/ea _€d>2 + ‘/ec -eb\)z} |
‘ \ \/—3- . /

= I - -
: 2 (J.-,A) 14 \ 2



SUMMARY' E o ' .

ANALYTICAL EXPRESSICNS FOR SOLVING STRAIN ROSETTES.

I1IIXX xa3deyd

SISATVNY HLLISOY

v

' “RINCIPAL STRESS MAGNITUDES
A 8 : ¢| LIES
' 'SPACT DIAGRAM i A o, - E[— + ] BETWEEN
TYPE OF ROSETT > ' - ,
ETTE (Arrangement of! Rose‘te Axes) =p tp ’ O AND +90°
‘ ' o, e[-—-A - -—-B'] WHEN
-~ L2 U TR I 72 ‘
E €,+ € E | \/ - €.+ €
[ c 2 2 [ c
[RRUSURP . SRR A Y . - -
g RECTANGULAR g, 0, - 2 +p 2 (=€) + {2‘b (gt E»c)} €, > >
5 ) .
«a
>
x
o
8 8
EQUIANGULAR oz . 609 . o E et eptie . __E__\/(e &t €b+€c)2+/€c—€b>2 e e
" OR DELTA \20° %27 oy 3 (+p a 3 \ /3 c b
c 60° 60° '
A
b c .
: Jdes 8 € eatepte tey E |
. o \QS |45/ ‘o a}'q’z: —_— ————-———-———.o < * —— = \/(Ca‘fc)z +*(€b‘€d)z .
w RECTANGULAR . - 95° A =g 4 e 2 €,> €
3 ' E &ts , E 2 s )
—-— g — — 4 — - + -
g or l-n 2 t+p 2 (€a= €c) *.(€p~ <)
>
x
w
b .
8' : 2 2 ’
E €, + €,y E €, €4 €. €, '
- —_— L+ . R it
< TEE - DELTA ‘ 0,0, - 3 _i v ( > ) /3 ) . € > €

2nd quontity under radico!

Directions of principol oxes are given by equation Tan 2¢ ¢ , for alt of aobove reictions.

Ist queontity under radical

CI9



616

Chapter XXIII ROSETTE ANALYSIS

5. Graphical Solutions

In addition to the various analytical solutions for the strain
rosette equations there are also many graphical (and semi-graphical)
procedures for determining the principal stress magnitudes and direct-
ions, The choice between analytical and graphical procedures is
usually depencdent upan personal preference but in the event of two
people checking each other it is highly desirable to have one perform
the computations analytically and to have the other do the checking
by a totally different grapnical method, or vice-versa.

For the purpose of these notes, the discussion of graphical
methods of solviag the rosette equations wili be confined to three.
procedures which have been found convenient and useful, All apply to
rosettes with thaice observations of strain. The first corresponds to
‘the general case, in which the axes of measurement may be inclined to
each other in any maaner, the second to the rectangular rosette, and

~the third to tihe eguisngular arrangenment, :

(a) The Gereral Zase -

The following method, which has been put forward by Mcclintock
- (Special Reference No, 3), applies to the gencral case in which the
rogette axes may have any arbitrarily choscn angles, 6 and ebc,
between them, a3 indicated in Figurc 21 '

Figure 21

Methdd of Solutfoh

The object is to establish Mohr's Circle for strain, The pro~
codure is very simple and by some is preferred for the rectangular and
equiangular rosettes even though each of these arrangements has methods
peculiarly well acdapted to itself, The following four steps are en=-
‘pPloyed for finding the strain cirele,

1. The rosette axes are rearranged (by extending them if
- necessary) so that they are:

(a)‘ Arranged in sequence, in order of ascending or
desceading strain magnitudes (Algebraic order),
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(b) The included angle between the axes of minimum and
maximum strain must be less than 180 .

Some examples of this rearrangement are shown in Flg, 22,

Spéce Diagrams of Physical Layout

~ Case (a} c Case (b)
ea = Maximum €. = Maximum o eb = Maximum
€b = Intermadiate ' €, " Intermediate ‘ea = Intermediate
€ = Minimum- o € . = Minimum ' €, = Minimum

c o a S : c

Pigure 22 (a)

Be'arrangemeut of Axes in Se'quence of Strain Magnitude (Algebraic)

oL = Angle between axes of Maximum and Intermediate strain

ﬁ = Angle betweer axos of Intermedizte and Minimum strein

_ . Int,
Int, Int, . - Max.
Min, I : ol Min,
d / » b Max. ' ) qg
/ Max, p A
Py
/N
// A
s \blax—;
Case (a) Case (b) , : s PN
d. = eab : ) . ) °L=. 68 '
P= Oy B=1 §- (®p +'ebc) Case (c)
Notet 1In Case (c) the axis of R Ls ©
max, strain falls to left .~ = ab.
of intermediate axis = - s T =  180=~( eab + ebc)

.Figure 22(b)
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Lay out a sheet of paper with a ' 0
‘'strain scale near one edge and | | |
parallel to the direction of 1 \ |
the abcissa (which will be es- i i |
tablished later),  Then draw in- | {
ordinates at locations corres=- N .' % |
ponding to: AR -3 LN
==t
1, Zero strain Ww! wl W
. | I
2 €a' €b’ eco 4 Y T T LIS T T Y Y I 4
This is indicated “ -~ gtrain Scale > '
dxagramat¢cally in. :
Fig, 23, Figure 23

Notey In Fig, 23 the strain values have been
indicated as positive but they might all
be negative or some positive and negetive,

It will also be noted—thet the measured -

Mé‘ p» &€ ¢, may have any

.3,

relation with one another, In Fig, 23
the values have been plotted in sequence
according to magnitude,

When the diagram corresponding to Fig, 23 has been drawn, .
choose any point, D, on the ordinctoc corresponding to the
intermediate strain value. -

From point D draw straight‘iines DE and DF, making angles
ol and B, respectively, with the ordinate of intermediate

Min,

" strain, to meet the ordinates of C‘ Max, 2nd € at E

and F respectively, _ ‘

One will notice that there are two possibilities for
dréwing the lines DE and DF since the angles ol and ,B
can be measured from either the upwards or the downwards
direction of the ordinate of intermediate strain,

Thé'tollow‘ng rule governs this choice: If, in the dia-
gram {Fig, 22(b)) showing the strain axes 1n sequence, the
axis of Max, strain falls to the right of the intermediate.
axis, ol and p are measured from the upwards direction, as
indicated for Cases (a) & (b), But if the axis of maximum
strain is inclined towards the left, as in Case (c), then
o/ and B , should be measured from the downwards direc-
tion, Tiais 1is suzgested by the dotted axis extensions
indicated for Case (¢) in Fig, 22(b) and shown in detail
in Fig. 249
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€Min. “1nt.

-

|
|
|
1
€

ng.

Strain Scalé

. Correspords to
Cases (a) & (b)

4,

Lhnes
D, E, & F,

619

e

‘Figure 24

L2 T et

M = -

Min, elnt, :
' Strain Scale
Corresponds to
Case (c)

Max,

Tus final step is now to draw a4circle through the points
This will be lohr's 2ircle for straiu,

The

abcissa, which can now be drrwn Zn, will pass through the
center of the circle and the w«xtreme right end left hand

' positions of the circumference will represent the princi-
pal strains 81 and ﬁzf, a8 shown in Fig, 25,

4Figure 25(a)

Mohr's Strain
Circle
.for

Case (a)

€€, €,

(Seé also
.Figs, 25(b)

Strain Scale

|
|
|
A
——t
€

@

and 25(c))
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The points A, B, & C, which represent the strains along
+he rosette axes, can now be located on the circumfer=-
gnce of the circle according to the following two re-
quirementss .

1, The magaitudes of the strains ea’ gb, & €.

.2, The sequence of order as we go along the circum-

’ ference of the circle, This must correspond to
the scquence in the physical layout of the rosette,
For example, if the rosette axes follow the se-
quence A, B, & C, when one proceeds in the anti-
clockwise direction, tke same order must prevail
as one goes around Mohr's circle in the same sense,

Aithough there are two possible positions for each of
points A, B, & C, which will satisfy requirement 1 above,
the’second requirement eliminates half oif them, This
means that there is only one arrangement for the points -
A, B & C on the circumference of the circle,

Angle of Reference, §>1. As coon as the point A has been
located on tne circumference af the circle, the radius

to this point will establish the argle 24,, as shown in
Fig, 25, From this we can deiermine the angle §>1, and
locate the axis of € ;, the algebraically larger princi-
pal strain, relative to the A axis of the rosette,

Principal Stress Determination, Oncc the magnitudes of
the principsi strains, g4 and €2, have been determined,
then ths principal stress values can be compufed from
equations (2) & (3),

T, = = x (€. +pn€y (2)
17 TR 1 YR

. ahd g = —E x (€. +m€) (3)
27 T 2 *H 1 3)

t

' )
Or, it may be more convenient to prepare a chart, of the
type shown in Fig, 271 from which the values of 0‘ and

(T'z may be read direTtly.
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o :

B =180 - (egb+ebc>
o ,

__2p= 360" - 26 ,- 20,

24l = o +29bc

2R+ 2= 360 = 20,

Strain Scale

-Eigurq 25(b) Mohr's Circle for.Strain
ICase (1_3) E4 Y€€, ' - :

B =_1§o° - (0,,+6,)
o
2f= 360° - 29 - 20,

2= + 2 eab

2B+ 2 = 360° - 28,

Figure 25(c)
Mohr's Circle
for Streain
Case (c)

6b>€a>€c

0 c ta . €y

Strain Scale
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~(b) The Rectangular Rosette

The method described in the following paragraphs was developed by
R, Baumberger* while he was associated with.the firm of Ruge-de-Forest,
It requires 7 steps which lead directly to the determination of the
principal strains and the directions of the principal axes, The calcu-
lation of the principal stresses from the principal strains must be
carried out as ap adaitionsl siep,

The procedure actually involves & simple mecans of drawing Mohr's
_strain circle frcm which the principal strains and the angle of refer=-
ence can be read off directly, The use of specially prepared graph
paper, with the reference lines printed on it, will eliminate the two
initial steps for the person making the graphical calculation so that
the complete solution can be achieved 1n six steps,

The fundemental procedure (without the use of qpenially prepared
graph paper) ie as follows: -

1. On a piece vf paper lay out two perpendicular axes of
" reference (B-B, and K=K, as shown in Fig. 26~1, Gensrally
it will be well to have the origin of reference (0, the
intersection of the axes) about the middle of the paper
but for certeain special situations it may be more conven=-
lent to have it farther to the right or to the left,

K

\ P e R : ’
s f — . .
N7 B (< Firure 2+

Aais

Figure 26<=1

2, Parallel to B-B draw two lines, A-A and C=C, such that
" -they are on opposite sides of the abcissa and at equal

distances from it, That is, make OR = OT as shown in
Fig. 26-2.

* For Baumbergor 8 original note see SESA Proceedings,
Vol, 1, No, 1, 1943, pazes 145 and 146,
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K
A R
, B
B 0
(o T A c
K
Figure 26-~2
‘3. Let one now define the lines A-A, B-B, and C-C, as:

A-A = Axis of ea“
B-E & Axis of €
' C=C = Axis of € .

and proceed to lay off along these lines (using K-K as
zero for reference) distances which are respectively |
proportional to the strains Ga, €y, and € ;, which have
been obseserved in the directions of the rosettsc axes, A,

B, and C,

Positive (Tensiie) strains are represented by distances
to the right of K=K and negative (compressive) strains by
distances to the left of K-K,

A typical layout for three posifive gtrains is indicated
in Fig, 26-3, in which a, b, and ¢, are points represent=-
ing strains on the axes of the diagram,

X .

' Axls of €a. B @a—@j

A ' A
: R

. Axis of €4 |— €5 ——— -

B . B

: 0 !

€c
Axis of €o , M' c

€ - - T —e—

Figure 26-3
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4, Now draw a straight line through a and ¢, The inter-
section of this line with B-B determines the center of
Mohr's strain circle, as indicated by point P in Fig, 26-4,

Axis of €a . E;$-—“'631 ‘_’?“[
A : A A
- Axls of &
B : -
A
43
Axis of €g m
C - 7 C
' ¥
Figure 26-4 K

5, Through "a" draw a line which will be perpendicular to
 1b-B and which-will-intersect YhIg axie a% &, Gs shown in
, Fig. 26-5, The point A, which represents &, oa the cir-

cunference of Mohr's circle, must lie somewhera along

this line,: »
: ¥
ﬂ, Axis of €a

A : ; A

. R
B_Axis or €k ol B
c Axis af €c T . p ' c

.K - éﬁadp4<@&-‘ éi{“é?c —3p

Figure 26-5
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From the point m, on the line am, lay off a distance MA
such that MA = Pby, If b is to the right of P this should
lie below the abcissa - as per Fig, 26-6 = but if b is to
the left of P than A will be above the axis B-B,

I & ey A

B _ S 'p\{m}!\__

A

Y.

[ 3

X
t Figure 26-6

With center P and radius PA now draw a circle as shown
in Fig, 26-7, This is Mohr's circle for strain corres-
ponding to the rectangular rosette observations € _, €
and €°, The right hand extremity corresponds to é’ 11

the extreme left tc € 3, and the angle 2€D;, between the
radius PA and the abcissa determines the directions of the

b!

principal axes relative to the A axis of the rosette,

Mis o €4 e €a—3m P

B

Axis of 66 ' €2, 0

C

. Axis of €&,

<y c

K

F;gura 26-7
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. Time p_rinéipal stresses may now be calculated from the principal

8.

strains by means of equations (2) & (3) or read directly from a

chart of the type shown in Figure 27,
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£
1= 2

0

(iel - €2)

. E
‘2(""/_*)

7‘ma.x. =

Conversion Chart from Principal Strains to Principal Stresses and
o ' Maximum Shear Stress 4
(By J. H, Meier) ‘
Chart Based on E = 30,000, 000 psi. and L= ,30
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Convenience of Specilally Prepated Graph Paper

In the event that solutions are required for‘many gets of rosette
observations much time and effort can be saved by employing graph paper
upon which the axes of reference have already been printed, This takes
care of the first two steps for the person carrying out the computation
and permits him to complete the remaining six operations with only & '
triangle, compass and protractor, If the protractor has a straight
edge of sufficient length the triangle will not even be needed, .

- A preprinted form of typical character is shown in Fig, 28 and in
Fig, 29 its application to the solution of a set of ohbservatinns is
indiczated, .

Proof. of Baumberger's Mathod

Since B-B is midway between A-A and C-C, the. point P will fall at
a distance from the origin equal to the average of the distances a and
¢ from k=k, ‘ . ‘

€,+€,

Therefore . 0¥ represents D)

This means that the:point P corresponds to the. center of Mobr's
strain circle for this type of rosette (See equation 18),

One must now establish the radius. of Mohr's strain eircle, From
equation {(19) 1t is seen that the radius cf :the cirecle is represented
in the expression, :

o [ .2 _ 2 oy
sJE -€0% 4 [2€ (€ v e ) - a9)

By taking the factor 1/2 inside the xédical,»this becomes

(190)
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Examination of Figs. 26-4 to 26-6 now reveals the fol~
lowing:

The horizontal distance between points a and ¢ rcprésents
€, - €, and since P is half way between these points,

- Pm, the horizontal projection of Fa, representa € a c

2
which 1s the first term under the radical of equation
(192a),

The distance between points P and'h, on the axis of E?b,
corresponds to

b 2
which 13 the second quantity unéer the radical in equa-
tion. (19a), :

Now if these distances, which represent the two quautities
under the radical of equation ()€a), can be mzde to form
the verpencdicular sides of a right angled triangle, theu
the hypotenuse of the triangle wili represent equation

_(193) which 18 the radius of the strain circle,

This result is accomplished by erezating A (=Pb) perpen=
dicular to the axis B-B at the print n, as 111usuzated
in Fig, 26-6,

One will also observe that the ratio of the quantities
under the radical of equation (1l5a) gives & measuve of
the angle of reference, that is,

2€, - (€ '+ €c)

ten 24, = P (22)
e . €,+€
b 2 :
= , (22a)
€a~ €
2

This means that the inclination of the radius Pa (hypo-
tenuse of right angle triangle PmA) with respect to the

axis B-B will represent the angle 2 <? ; a8 shown in
Fig, 26-7, 1
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(c) The Bquiangular or Delta Rosectte

A simple and direct method of evaluating the magnitudes and direcct-
ions of the principal stresses from obgervations of strains in a delta
rosette has been devised by Bossart & Brewer (Special Reference No, 4),

This method possesses the following important characteristics

1, The values of the principal stresses (rather than princi-
pal straing) are determined directly,

2, In its basic form the method is applicable only to those
instances in which Poisson's Ratio (fk) =1/3.

3. By very slight modification the procazdure can be extended
to cover those cases in -which M $ 1/3.

. : \
When g4 = 1/3 it can be shown that for the delta rosette
tne following relations ex‘st in regard to the apparent
stressos.

(Apparent Stress = Modulus of Elasticity x Cbserved Strain)

vl, The center of ilohr's circle for Btress corresponds to
the algebraic sum of the half apparent stresses deter-
mined in the directions of the three axes. of the delta
rosette, s

2., The radius of ilohr's circle for stress corresponds to
the vector sum of the half apparent stresses.

The procedure is as follows.

1, Compute the balf apparent atress~s from the observed
straing - .

E x € .
Sa - a (55)
2 2
' Ex €, .
B s (56)
F x € ,
LR I - | (57)

2 T 2

Where S = Apparent stress in diréction'of the A axis
Sh. = Apparent stress in direction of the B axis
= Apparent stress in direction of the C axis
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2. Determine the center of Mohr's circle (the hydrostatic

- component of stress, CTH) by laying out, in order along
the abcissa, arrows proportional in length to the kalf
appaxent stresses, as shown in Fig, 30.

"Positive values are drawn to the right and negative
values to the left,

3. : From point P, the center of Mohr's circle, as determined
. in item 2, determine the vector sum of the half apparent
‘gtresses by laying out another arrow repressing Sa/2
along the abcissa ( + to right, - to left) and continuing
with arrows representing Sp/2 and S¢/2 with inclinations.

and senses as indicated in Fig. CO. :

| "The tip of the third arrow will fall at point A (which
represents To on the ilohr stress ci..cle), the digtance
PA will be the radius of the circle (sometimes called
the shear component of strcss and desipnated by the sym-
bol, O's- ) and the angle measured from PA to the abcissd
will be twi-.. the reference angle ¥1.

‘4, With center P and radius PA draw a circle, This is Mohr's

: stress circle whose intersections with abcissa determine
the principal stress values, Q'] and CVZ,'as snowh in the
diagram, - '

‘Note: Those who are interested in the proof of the method

’ will find it given in the paper entitled "A Graphical
Method of Rosette Analysis" by K. J, Bossart & G. A,
Brewer, SESA Proceedings, Vol, "IV, No, 1, pp. 2 & 3,

-Modification for Use VWhen Poisson's Ratio is not 1/3

M F L3
When Poisson s Ratio 1s other than 1/3, the procedure
1nd1cated above should be followed to the end of item 3,
However, OP and PA will now no' longer represent the-
,hydrostatic and shear components of stress,(rH and CVS,
directly.

5 /
_Fortunatcly, these quantities, Oﬂu and Cfé' can be
found by multiplying tne algebraic and vector sums of
the half apparent stresses by tbe appropriate factors
as follows.

2

O.H = 30 -

\ (Stress represented by OP) x

i o _; - (58)
l

|
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. o , ' 4
O; = (Stress rePresented by PA) x 3 (1 .‘._lu’) (59)
0’1 =z GaH + 0"’3'7 ' . (60)
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(d). Nomograph Methods’

- In addition to the above two graphical solutions there are various
other graphical and semi-graphical procedures which can be employed for
evaluating strain rosette observations, - Some- of the nomographic charts
which have been developed will be found most helpful, particularly those
developed by Hewson, See reference No. 4 under graphical methods in
attached list of references,

6, Machine’Solutions

"In situations involving the solution of larzc numbers of rosette
equations the employment of machines may be very advantageous both for
economy of time and cost,

Some of the elaborate calcu;ating machineQ, such ag the Differen-
tial Analyser, cen be used for this purpose 1f they are available, but
except in unusual situations the use of such verasatile machiues 1s not-

" warranted, particularly when one considers the cost involved.

A number of special purpose computers (See references at eand} have
been developed to evaluate rosette data, Scme &re electronic and others
heve mechanical and electrical components, The earlier machines depended
upon manual introduction of strain data whereas newer devices can be
connected directly to strain gages for their input, and to electric
typewriters . for tabulation of the computed results, provided ‘'of course,
that the strain observations are not made faster than the typewriters
can handle the results, '

At the present t‘me it appears as though the ultimate aim would be
to develop a cowmbined ccmputer=-plotter-tabulator fcr direct connaction
to the strain gages, Such an instrument, directly connecteu to the strain
gages, would be capable of receiving the gage signals, computing the re=-
sults, providing temporary or permanent storage of information, selecting
‘data.on the basis of, location of observation, stress level, freguency,
or time of event, then tabulating and plotting the results,

For those who are faced with the problem reduction of a fairiy
sizeaole amount of rosette data, but not enough to warrant the purchase
of a special computer, attention 1s drawn to the methods worked out by
Bassectt, Cromwell, & Wooster, (SESA Proceedings, Vol, III, No, 2, p. 76)
for the emg}oyment of standard office calculators,

7. Corrections for Trensverse Sénsitivity of SR-4 Gages

(a) For rosettes made up of single component gares which have
been calibrated in a uni- axial stress field on material for which
Poisson's Ratio =jp&p, T

One will observe that any two dimensional strain distribution may
. be considered as being made up of hydrostatic component and a pure
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shear dompcnent.r Allowance for the lateral eifects in SR-4 gages may
therefore be made by multiplying

M - ,
‘the hydrostatic component by {E_—-__TE&JE - (62)
‘and the pure shear component byvllni—étﬁ;%] . (63)

where K = the transverse sensitivity coefficient for the
'~ goges in the rosette (assumes that the gagss
are alike).

~ and fkh = Poisson's Ratio of the material upon which
' calibration was made. (0. 285)

" ‘Bequations (2a) and (3&) which represent the principal stress -
intensities can therefore be modified to the form given in expressions
{G4) & (65)’12 one wishes to take account of the transverse effect,
which is usually rather small,

ok A -
6?““3 ": (1«;?{1‘} 1+p~ L.l"K—_]} (64)
.«. ‘1 . -N |

0;.‘}3 [1“!2 - 1+p. [:1-1{:!} - (89)

(b)“ For Manufactured Roscttes Conslsting of Three or Four
Independeni Strain Geges lounted Together on a Common Carrier

"In the cass cf SR-4 posette gages manufactured as complete urits
1ncorporat1ng t“rﬂe or four separate elements, two gage factors, a and
b, are furcished with the gages. ‘

The factor a_= the axial strain gensitivity factor. This is comparable
i to the Gage Factor for a single gage, however, due to
the method of calibration the numerical value is slight-
1y different.*®

The factor b = the auxiliary strain sensitivity factor, By means of
thig coefficient one can correct the 1ndicated strains -
to the proper values, :

% .Practical Reduction Formulas for Use on Bonded Wi*e Strain Gages,
R. Baumberger and F. Hines, SESA Proceedings, Vol. 11, No. 1, p. 116,
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In the literature it has been stated that neglect of the factor
b (which is related to the transverse sensitivity coefficient, K)
will not introduce an error of more than 3% in the numerically larger
principal strain,* '

 Let é'la, Glb,'elc. and €1d, represent the apparent strains in
the directions of tbhe rosette axes, They are obtained from the

relation
AR

R | (66)

" The values of the apparent gtrains are not quite‘equal to the
true values, hoWever, they may be corrected to the truevalues, €'a,
€ € and € 4, as followat

1. Rectangular Rogette with Three Observations
' 1 1l 1l
€, =€, ~F5 €.

2 (67.)‘

Cc

1 1. 1A
Q+p) €y = 7 (€, +€) (88

a
]

=€ -% €; . (69)

from which the principal strains may be calculated as

Qm‘ |
|

[

glorg (la—)M-i-( -)1/2\/(6 €)+[:2€-(€1+6“

2 =
)

and fan 2@ -

I, The Equiangular Rogette

€ =¢€.-1 (€L + €D (72)
,= €L-L (€Ls€p -
€, =€L-1 (&, €Y (74)

. Practical Reduction Formulas for Use on Bonded Wife Strain Gages,
R. Baumberger and F, Hines, SESA Proceedings, Vol, II, No. 1, p. 116,
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and the principal strains are

el L€l +€l o, elie
€ or€y= - D=2 3‘b S+ (E;- 8
' ﬁ(cc b)
t&n.z?a 1 1
4 7 ?Ga- €b- €c

II11. Rectangular Rosette with Four Observations

2
1 1

(75)

(76)

Since this form of rosette is not regularly made as a single unit
it will be- necessary to make it up from four independent units and to|
corrcct the Al and Bl quantities accordingly, or else to make some

other special arrangement,

iV, The T - A Rosette

| S
€ =€ - €, o
S TS S W 1
€ = Q+)E, B‘(Ga + E-d> (78)
1 1, el |
€,= Q +-)€ (§ d) (79)
Gd" €:i'tl: ei (80)
‘L(El . gl
tan 2 = 3y 7b (82)
P 17,1 1
| 'z'(éa - €y
1 a d 1 8 d b
-61_°’€z=‘1"3’"‘f‘.‘z—“2“+5’< 3 > =/

- (81).
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Experiment No, 26 = Strain Gage Rosettes

Objéct: To 1llustrate the use of Btrain Gage Rosettes for determin=
: ing the magnitudes of the principal gtresses and the direct-
ions of their axes under biaxial conditions. :

Préblem:v By strain measurement, to determine the stresses set up in a
.thin walled cylinder due to an internal pressure of 1500 lbs/
sq. in, : ‘

Several gage arrangements have been set up with different

axes of reference. All arrangements of strain gages should
indicate the seme results which should agree with theorstical
calculations,

Specimen: Steel cylinder closed at both ends

Outgide Diameter 4.50"
Wall Thickness 0.14"
Length 30"

Meterial Properties

¢
Tt

Ultimate Strength ' 60,000 1lbs,/sq,in,

'Yield Strength . ‘ : 35,000 1" 1 ‘u‘
Modulus of Elasticity 30,000,000 " won

Poisson's Ratio 0.3

Strain Gageé:

: 9 & 19
lg& ll 5 & 15 ‘
4300 é0 :
’ 7 &17 45¢ - 75°
2 & 12 [w90° > .
—~— — : — \» _axia of
45";2% 603/6 & 16 ' Cyiinder
3&1

AN

— 4 & 14

Disgrem of GageAOrientafion

Gages»are mounted in pairs diametrically obposite each other on
the cylinder; for example, 1 is opposite 11, 2 is opposite 12, etc,

Resistance of all gages 1s nominally 120 ohms, Gage Factors are
as follows: , - ' ‘
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Experiment No, 26 = Strain Gage Roeettes (Continued)
Gage Factor

“Axial & Circumferential Gages: 1, 11, 2, 12 2,03

Rectangular Rosettes: 7, 8, 9, 17, 18, 19 2,03
Tee-Delta Rosette: - 3, 4, 5, 6: 13, 14, 15, 16 2,01

(Note that the T- A Rosette can be used as a .
A Rosette by omitting observations on gages 3 & 13

‘EBquipment:
1 Switching Unit
1 Baldwin Portable Strain Indicator
1 0il Reservoilr & Pump with Pressure Gage

Hesults Wanted:

1, Deotermination of the principal stresses, 01 & 0’5,
and the directions of the corresponding axes from
strains measured

(a) With axial & circumferential gages
- (b) With Rectangular rosettes
: (c) With T= & (orh ) rosettes

2, Ccaperison with thedret;cal calculations
Procedure:
1,‘ Teke zero readings on all straln gages,

24 Apply pressure to the cylinder in increments of 200
1bs,/sq.1in, up to 'a maximum of 1600 lbs./sq.in, and
take readings on all gages after each pressure in-
crement, '

3, Release pressure to zero and check zero readings on
‘all gages,

NOTE: Since time is limited it 1s suggested that you
take readings either on a few gages at all pressure
levels or all gages at -a few pressure levels and refer
to the accompaying table (See Page é44 ) for the re-
mainder of the required observations,

.4.' Plot pressure vs, indicated strain for each gage,
Curves for one rosette can be arranged together on
a single graph sheet,
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Experiment No, 26 - Strain Gage Rosettes (Continued)

Procedure:

5.

6o

",y

8,

(Continued)'

Average the slopes of plots of item 4 for diametrically
opposite gages and determine the strain on each gage for
e pressure ingcrement of 1500 lbs,/sq.in,

Mcglecting transverse effects in the strain gages, calcu=~
late the magnitudes of the priucipal stresses and deter-
mine the directions of the cor‘esponding axes for each of
the three gave arrangements

(a) by analytical means
(b) Dby graphical means

Check the results of item 6 Ly making the necessary-théo-
retical calculations for the noop stress gnd the longi-
tvdinal stress,

Preusure (psi) x Badius {in)
. Wall Thickness (in)

Hoop Stress (psi) =

Longitudinal Siress = % Hoop Stress
If the Transverse Sensiti vity factor, K, for the axial
end circumferential gages is 0.02, and the "b" zactor
for Rectangular and T- A Rosottes is 55, how much error
is introduced by neglecting the transverse effects?
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Experiment No;26 - STRAIN GAGE ROSETTES (Continued)

GAGE NO.

© 00 ~1.C1.01 ob L0 DD

=

cooo00OO0OOO

o000 OOOD

200

74

-
&

49
48
21
75
29
70
81

80
20
50
51
21
75
21
59
71

Equipment:

REDUCED DATA for EXPERIMENT No. 26

———e

PRESSURE IN P.S5.I.

400 600 - &00 1000 1200

TRAIN IN MICRO-INCHES PFR INCH
153 260 34} 422 492
5) 74 110 118 . 140
113 175 232 282 350
111 170 226 . 276 340 .
52 81 110 133 164
174. 261 350 430 525 -
51 80 105 © 130 160
149 222 292 360 432
174 262 349 425 515
171 250 240 422 - 510
49 71 92 115 140
1il 170 214 - 270 322
115 170 217 270 329
52 80 109 130 155
171 269 350 410 488
52 82 110 135 160
155 230 290 . 360 425
171 250 312 392 462

Zero shift after experiment less than 2)A<"/"

1400

580
162
398
375
189

602

180
500
593

592
160
379
382
180
560
183
498
540

1600

670

189 -

455
440
219
698
210
575
682

680
183
428
430
202
640
212
562

611

20 Station Swi:ching and Balancing Unit Baldwin No. 5009-3

Baldwin Type L-Strain Indicator No. H-80797
Common Zero Setting at each Gage: 0-8-1000
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1, Introduction

Three experiments have been designed as samples of some of the
techniques avallable for dynamic strain gage studies, .

(1) A steady state vibration phenomenon where, with fairly
simple equipment, it is possible to obtain good results,

(2) A non-steady state, or transient, vibration problem where
the main phenomena occur at frequencies which permit the use' of a paper-
type recorder without the necessity of resorting to oscillographic-
photographic methods,

(3) A transient problem the duration of which is so short that
oscillographic~photographic methods are a necessitya

2, Steady State Dynamic,Test with Strain Gages - Experiment No, 20

(a) Statement of the Problem

‘ A freely vibrating beam supported at.its nodes is to be investigated,
The stress distribution along the upper surface is to be determined at a
given amplitude of vibration, by two methods:

(1) Direct strain measurement, to be interpreted in terms
of stress, by locating six strain gages elong the beanm
as shown in the diagram,

‘The amplitude of vibration will be measured with an
optical micrometer at the center of .the vibrating bar,

{2) Analytically determined values of stress along the beam
divided ‘by the amplitude of vibration at the center of = ..
the beam can be determined from theoretical considerations, -

The two methods are to be compared,

() Specification of System Components

length of beam | 37 3/15 inches

Beams L
‘ t thickness of beam 3/4 inch.
b width of beam 2,00 inches
f9 density of beanm 3
" material (steel) 0,286 1lbs/ins
E Young's modulus of 6 2
" beam material 30 x 10 1bs/ins

d distance from center of
beam to nodes of
vibration {0,276L) = 10,25 ins,
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0‘ endurance limit of

beam material _ 23,000 psi
f natural frequency of ' 20,21 ¢t E 2 112.8 cyc/sec,
- beam vibration . L2 : £ o -/

{c) Theoretical Solution

fundamental constant’ ‘ ~1.1532

A
B fundamental constant . : 0,1532 '
m fundsmental constant 4,7300
a amplitude of vibration at center of beam in inches
% distance along beam from center, in iaches
" @ 'stress at any point x aloung the besm

- R

supported at its nodes of vibration, vibrated at
its natural frequency,

2 :
t m mx mx
Cf; s ak 7 5 A cos i + B cosh Trl

-

and for this beam:

Value of x (inches) A 0 3 6 9
i .
Value of<f;/a (1b§/1nsa) 238,500 224,500 189,000 134,000

Q

12 15 . (18-19/32)
75,400 28,100 -0

{d) 1Instruments and Equipment

Amplitude Measurement - Cathetometer, continuous range of 10 cm,
0,01 mm smallest scale division

Strain Gages Type S8R=4 C-~1 -
Resistance Rg = 500 ohms
Gage Factor (GF) = 3,23
Maximum Current Rating 30 milliamperes
(continuous)
Location: at 0, 3, 6, 9, 12, 15 inches
from center ‘

Vibration Exciter Rayflex Fatigue Machine, description
B - attached, -

- Available Amplifier

Gain (in linear range) G 26
Linear Range 0,05 volts input maximum
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Lower Frequency Cut-0ff o B 3 | 2 cps

Upper Frequency Cut-0ff » . b ) 7000 .eps
Input Impedance 0,5 mF, 1ML
Output Impedance ~ & less than 100,000

Measuring Instrument:

DuMont Cathode Ray Oscillograph- -Type 208B

Maximum Sensitivity along Y=-axig 0,01 rms volts/ins

Useful screen diameter _ 4 inches ‘

_Lower fregquency limit . " 2 cycles/second

Upper frequency limit : © 100,000 cycles/second

Input impedance o 2 MQ. 50 P F
ggi}bratiqu

Type ‘ . Parallel resistance

Calibratiom resistor ‘ ' 125,000 ohms .

Switch 1/60 second peridd

(square wave)
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Chapter XXII

THEORETICAL STRESS DISTRIBUTION
ALONG A FREELY VIBRATING BEAM
SUPPORTED AT ITS NODES OF
VIBRATION, VIBRATING AT ITS

* NATURAL FREQUENCY WITH A

0.001" AMPLITUDE AT THE

CENTER

!
1

X ) s
IN PSI PER 0,001" AMPLITUDE IN CENTER

-Matefial - Steel.

o

Dimensions as

Given

21

18 .

15

12 9 6 3 0 3 6 9 12 15 18

DISTANCE ALONG BEAM FRCM CENTER IN INCHES

N

21
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DETERMINATION OF YOUNG'S MODULUS

The principle of free vibration lends itself to the
accurate determination of Young's Modulus. For this
purpose, the natural penod of vibration or frequency
must- be measured to an accuracy of 0.1%5.  This is
readily done as stated above, the measurement being
made. at low amplitudes of vubranon well below the
fangue limit. ‘From this natural fvequency the dimen-
sions and the weight of the specimen, the modulus may
be calculated (see formulae, page 4).

MAGNAFLUX TEST

The Magnaflux test for discontinuities in steel or iron
has been found useful in conjunction with fatigue
investigations. Incipient failures may be located and
sludiec? in relation to surface conditions or local metal-
|urgocal factors before the spread of the crack has pro-
ceeded beyond o few thousandths of an inch Coils
for Magnaflux testing are supplied with the machine,
and a hmited license will be granted to customers who
are not aheady licensees of the Magnaflux Corporation.

Reference: Rate of Growth of Fatigue Cracks

Journal ot Apphed Mechanics, Mar. '36,
Vol. 3, No.

STROBOSCOPE ATTACHMENT

A stroboscopic device is sunplied.  This permits
"slow motion'' observation of the specimen; the growth
of the failure crack being readily followed visually.

DETERMINATION OF STRESS

The stress applied to a specimen’cf unilorm section
is readily obtained hrom a i\nowfe‘u'ge of the me«imum
deflection at the center of tha specimen, s dimensions,
and Young s Modulus f:-r the perticuiar material bemg
-tested.
read on a meter mounted on the control panel. This
.instrument s fitted with an arbitrary scale, the actual
emplitude in thousandthe of an inch being supphcd by
a calibration curve.

An optical method cf

changing the amplitude is also
provided.

(] oﬁrtesy of
Baldwin-Lima-Ha.nilton
Corporation

Driving
Magnets

The maximum ceflact-on or amplitude may be*

n‘ | \\

STRESS CALCULATIONS

Theory: The equation of motion” for a uniform free
bar vibrating in its first mode is:

(A cos m ‘)_( ~ B cosh m l)_()cos at

where .o = 2nf = MK r‘/Eg

A, B, and m are fundamen!al,consunh.
A =1.1532 B = 0.1532 ° m = 4.7300

The bending moment may be derived thus:
-Elgy, = ElaL (AcosmL +B<oshmf) cos «t
The deflection and bending moment curves are

shown in the figure. The deflection is zero at the nodes,

X .
where L= 0.2758 and the bendmg moment 1s @ maxi-
mum at the mic point of the specimen.

The notation is as follows:

S Maximum Stress (Lbs.. In.%)

y Deflection from Mean Position (In.)

x Distance from Mid-Point of Specimen (In.)
L Length (in)

d Diameter (In.)

M Bending Moment (ln. Lbs.)

+1.845 a |
a MAXMUM DISPLAGEMENT ___/_J
A — ! ~
~L645 o LowL
—L’ ;
]
P i
Pral
BENDING MOMENT
H
1

{j oy <— Pick-Up Coil Adjuster ‘
Y‘:;’g.q% “Pack Up Coils
hy = 4

.X\ ‘ Diiving Magnen'

(J Node

) Adgu"er/{ l ' ﬂ
N

o w7 '
ST L N
st

Specimen
Under Test

Carriage Clamp -

Figuro 1.
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Figure 2

o B

; )
) g, TS \Cmck shown by ‘
Magnetizing Coﬂhf/v Magnaflux Powder

Energized from Rayfex
'SPECIAL TESTS

Mcment of Inettia of Cross Section (In.)
Radius of Gyration of Cross Section (In.%)
t  Thickness (In.)

Acceleration of Gravity (In. sec.?)

« Amplitude of Vibration, one-half Total
Travel st Mid-Point ot Specimen (In.)

E Young's Modulus (Lbs. In?)

{ (F),an: (Lb“' \'/";) tion (Cycles S The Rayflex is admiiably suited to tests on welded -
! T s i CrcYcles Sec) sections and, of cours:, non-uniform sections and
K

threaded couplmgs may be tested on & comparative
basis and in somé cases stress can be computed from
lhc the'\ry of elasllcnty .

a

MAINTCNANCE

Extreme precautions have been taken to male the
Rayllex o tool for fatigne tasting and not a "‘gadget”
requiring tinkering or service to make 1t wotk. The tubes
used are available at any siandard radio supply house

and suitable instructions will be furnished so that any
Mogimum M = 2993 Elf competentradio service man can handle tube replacement
) L and repairs. .
Makimum S = 14.61 Ei’._,‘! '

PRACTICAL FORMULAE

The Dollow.ng practical formulae are derived from
the above e,quauons

Distance between nodes = 0.5516L

K, -E
Frequency = 3.561 L"'"' ;9

Round Bass, Any Size: Power Tube Plate a Temperature Indicator
. Y * Ead vrrent— 2™ - oo 9
S =14.61 s Amplitude Meter — } g
i ' :
£ = .00326L% , ;

J Amplitude Control
Au'omonc

. 17.50d (3
=0
Flat Bars, Any Size:

S‘ = 14.61 L‘

E = .002449 L',-::

»

2091t , E
S

=G

»

TESTING OF NON-MAGNETIC MATERIALS

Non-magnetic materials may be tested by simply
fastening soft iron sleeves to the ends of the specimen.
A set of standard sleeves for round specimens will be
supplied with the Rayflex. In testing a specimen loaded
with these sleeves or armatures, the above standard
formulse do not apply directly. Means for calculating
stress under these conditions will also be supplied with
the Rayflex.

(Courtesy of Baldwin-Lima-Hamilton Corporation) 4

Amplitude Contiol —
‘Frequency Control —

Tuned Relay For J
Automatic Shut-Off 1.

Resonance Indicator—]

Frequency
Indicator Switch ~

Push Button to Stort
Driver Amplifier -

Figure 3

K Cy:lc Counter
-3 Counter Reset
-3 Avutomatic Timer
{ Cycle Counter
Start Switch

{ Automaotic

Timer Switch
d Shut-OFf Push Button
4 Main Lipe Switch
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(e) Design of the Strain Qage System’

General

In order to combine’ most of the preceding chapters into one
focal problem, the design of this system will be presented in detail
as a sample.

Measuring System Input Requirements

It i1s usually necessary to start at one end of the measuring system,
end unless one has the choice of gseveral measuring instruments, that
portion of the system serves as a satisfactory point of departure,

Since the endurance 1limit of the bar material is about 23,000 psi.,
and since the bar is not to be destroyed, a maximum operating stress of
20,000 psi,, is arbitrarily assigned to the bar, Thus the peak to peak
stress variations during the experiment will be, in the viciaity of 40,030
pei, For best results, these 40,000 psi are to occupy the full 4 inches of
the CRO screen, At maximunm sensitivity, the CRO requires 0,010 volts rms-
at tho Y-input terminals per inch deflection on the screcn, The minimum
input sensitivity to the measuring instrument, in terms of micro-volts
nar qicro-inch-per-inch strain will bei )

‘4(inches on screen) x 0,01 (volts rms) « V2 (volts peak)
"40,000 {(psi stress) 1 (inck on screen) 1 (volt rms)
: rre : ,

30 ¥ 106 .(psi stress)
1 (inch/inch strain)

= 42,2 micro-volts per micro-inch per inch
strain 'in the bar,

= 1,414 micro-volts per psi etvess in the bar,

Corollary

If a strain gage circuit can be designed with this output sensi-

tivity, then an amplifier will not be needed, Cen such a circuit be
designed?

Maximum Strain Gage Sengitivity

The maximum strain gage sensitivity in terms of Sg in micro=volts
per volt output from the circuit per micro-inch per inch strain has been
shown to be a property only of the strain gage used and independent of the
circuit configuration (so long as 1t is passive) or of any supply voltages
used,

ssmav = (Gage Resistance)(Gage Factor) (Maximum Current Capacity)

<
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In this case it is assumed that there is no choice in gage type avail=
able, but that the gapges specified must be used:

Ssmax = 500 x 3,23 x T%%E = 48,45 micro-volts per micro-
‘ inch per inch strain,
Corollagz

1f the output from the actual strain gage circuit to be desigued
can be mado to be: ’ N .

42,42 x 100

48,45 87,7% of maximug sensitivity

no smplifier will be needed;

Circuit Design:

The design chart on page 119 may be used both for a Potentiometric
Circuit and for a Wheatstone Bridge, so that at thils point a design can
be made without as yet specifging the type of circuit to be finally
employed,

500 x 30

On the chart draw the horizontal line Emax = =600

15 volts
]

1 «R
o max g
_ ]
Find the horizontal liée Sr = 87,7% of ©y ° 13,16

Now f£ind that value of a for which the line of E = £(a,V) intersecting
the E = 15 volt line and the line of S, = f(a,V) intersecting the 13,16
volt line belongs toe the same value of V, .
For the limited choices available on the graph the solution is: '
a a 9

V = 150 volts

By solving numerically from the correspondiﬁg relationships

Sr = E l +a

v

u
(]
~
ot
+
44
~

]
=
(s
N
[
+im
0
S

one finds 13,16
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and VvV = 15 (1 + a) or
a = 7,07
Vv = 121,1 volts
hence R, = 35350

Corollary
Through proper choice of ballast resistance and supply voltage, &
system has beon designed which does not need a pre~amplifier between the
circuit and tae CRO,. but which demands operation of the CRO at maximum
sensitivity., Furthermore, it turns out that there is no voltage source
aboye 45 volts available so that the "idesl' circuit cannot be used,

Redesign of Circuit.

With V = 45 volts, in order to have 30 milliamperes throush the
gage, the ballast resistor must be Ry = 1000 ohms and the sensitivi*ies
from- page 119 will be, for the value of a = 2:

\
: 1 8 P 2
.Sr a ¥ i = 45 X

7 = 10 micro=volts/micro=
1+ 2) ohm per ohm

S s 8 (GF) = 10 x 3,23 = 32,3 micro-volts/micro-inch/
! , inch

Circuit erficiency = jy—~= = 66 2/3%

Choice of Type of Circuit

.. Since the rhenomsnon does not contain any static_strésses, a WVheat-
~stone bridge circuit would unnecessarily complicate mattérs, The extra

~ resistors and zero~balancing dovices would be cumbersome, A Potentio=-

metric circuit is called for in this case, The circuit valuess

¥ = 45 volts

: *-;-%w—
R = 1000 ‘ \ : |
b : "y = 150 voiis
R = 500 .
B C i iee puemwoc il iven R gdrruzronds -
By 2 300 ma ' = .
'a = 2 _i_ =z j“‘*" )’ 20 R6
X - S TS

Y-
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" Circuit Properties

Sensitivity

. v a
h h
St3 = TFY T2 ° 32,3 volts/ g inc /ine

Maximum Output at 20,000 psi

. 5 Q@ ' ,
BE/20,000 = 2% o 3233 2°é°°° 0,0216 volts
: : 30 x 10 ‘
Non=Linearity at'ZOLOOO psi
| 1 1 |
n -=;';T:'T= DTS = 0.072%
20,000 R/R 3.23 X 20(.5,000
30 x 10
0,073 .
356" 0,216 = 15,5 micro-volts

Measurihg Instrument Reading Accuracy

Aqgumxng the four inches on -the CRO can be read to 0 05 inchss, the
ecquivalent input to the CRO 1is:

0,05 inches x 0,010 volts/inch x 1,414 volts peak/volt rms = 0,707 mV

Amplifier Sbecificationa

Since an amplifier will be needed the specifications should be
drawn up. A

Gaing The minimum gain 'must be:

42,42 micro-volts/micro-inch/inch required at CRO input
32,30 micro~volts/micro-inch/inch available circuit output

a2 1,31

Linear Input Region: The wminimum specifications should read:

0,072% deviation from linearity at 21,5 millivolts input
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in order to mate with the circuit output and linearity,
The CRO, however, can be read to only 1-1/2% approxi-
mately, such that a revised specificetion may be:

1=1/2% deviation from linearity at 21,6 millivolts_input,

Noise Levelt This figure is dictated, either by the circuit non-
linearity, since it does not make sense to have a much lower noise
level than the linearity-1imit of the system,

(This 1imit would be 15,5 micro-volts) ; o

or, the limit could be the CRO readebility, 0,05 inches on the
CRO at maximum sensitivity correspond %o 0,707 millivolts input to
the CRO which correspOuds to 0,7C7 millivolts input to the
amplifier, . _°’E‘"

0,707

This limit would he o millivolts

"The iarger limit should prevall in the suplifier cﬁosen,

Frequency Response: The use of the Potentionetric Circuit deter-
mines that the amplifier shall have a lower frequency limit,

Signal frequency: 112,8'cyc1es theoretically
Calibration frequency: 1/60 second square wave,

:Tfl to be at least 6 cps,, such that the fundamental of the
square wave 1is fairly well in the "flat region. :

fz to be at least 6000 cps., 1f it is desifed to pass that
component in the square wave whose frequency is 100 times
the fundamental, This upper limit¢ wmust Le set by some rule
of thumb as regards the number of harmonics of the funda-
mentals to be passed,

Since these frequency limits contain the expected signal
frequency aad any normal deviation from it, they may stand
- as specifications for the amplifier needed,

'Inpﬁt Impedance: In order not to interfere with the measurements,
the input impedance should be at least 100 times the gage resistances

- Imput 1mpedancé of amplifier greater than 50,000 ohms,

Output Impedance: 'In‘this case the odtbuf impedance-should be much'
lower than the CRO input impedance which is 50,000 ohms,
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Comparison with Available Amplifier

Desired ) Available Comment

Gain 1,3 ' 26 ok
Lower frequency 6 cps 1,5 eps ok
Upper frequency 6000 cps 7000 cps ok
Input impedance 50,000 ohms 106 ohms ' ok
Noise level © 27,2 u-volte = check
"~ Ouijut impedance . , check

Linear Input Region 21,6 mv, 1-1/2% 50 mv no percentage
. : deviation figure
given, Should be
' checked,
The phage charscteristics can only be assumed to be satilsfactory,.
A good assumption is that the phase lag is constent between the upper
anL lower frequcncy limits,

Eggnlusion i

The amplifiecr will be uscd with the circuit as finally designed,
If the calibration is performed with the amplifier in the circuit, exact
fulfillment of all the characteristics is not really necessary, The
effect of too high an amplifier output impedance, for example, would be
accountcd for in the calibration proceedings,

(f) Calibration

Since 1t has Leen decided to operate the bar at no more than
40,000 psi peak-to-psalk stress, and since there are 4 iaches available
or the CRO screen, a conveniant calibration figure would seem to be
10,000 psi/inch, ‘rhe calibrution resistor necessary to simulate the
application of 40,000 pegi stress to the bar beneath one of the gages
would be: '

1 30 x 10° J o
Rc =[é——<‘-;r—,s- 1] Rg = 40 T00 % 3 33 - 1 500 = 116,000 ohms

The only resistor available, however, in that order of magnitude
‘has a resistance of 125,000 ohmas, which will give equivalent stress of:

\ R . 6 : . -
E g 30 x 10 [ 500
GoF, R+ R |° 3,23 155,500 ° 37,100 psi stress,

Hence, if the total amplitude of the square wave which results from
the periodic switching into and out of the circuit of the calibration

’
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resistor, is made to occupy 3,71 inches on the CRO screen, the cali=-
bration conditions will correspond to IO,QOO psil stress per inch de-
- flection on the CRO screen, .

It 1is to be noted that direct calibration in stress is possible -
only because there is a uni-axial stress field and stress and strain are
related directly through Young's Modulus,

(g) Experimental Procedure

+rain leasurement

(1) Calibrate the screen of the CRO using the equivalent
" strain method and a 125,000 ohm calibrating resistcr,
The resulting signal will represent a stress of:

Y |
T= o - YR 37,100 psi

on the CRO acreen, If the Y-gain adjustmont on the

CRO 41p sat such that this signal occupres 3,71 iaches

on the screen of the CRO along the Y-axis, the cali-
" bration constant for the cyetem is a convenilent:

10,000.psi stress/inoch daflection on the screen -

- (2) Adjust the Rayflex machine such that the beam vibrating
" with an approximate stress amplitude of 20,000 psi zero-
- to peak for the center gaee, No, 1, {(The maximum stress
Jn the beam of 20,000 psi is then below the endurance
imit of the beam material of about 23,900 psi, This
condition is desirable since the specimen is not ¢o be

déstroyed, )

(3) By means of the switching arrangement, read the stress
smplitudes for all six gages without changing the Y-axis
"getting on the CRO control panel, The readings should be
taken in as short a period of time as possible so that it
may be agsumed that the beam is vibrating at a constant
amplitude for all readings, ’

Amplitude Measurement

"¢1) Focus the Cathetometer on one of the ﬁunch marks in the
center section of the beam, while the beam 18 at rest,

(2) As the beam vibrates, this punch mark will appear as a
line whose length is to ba measured with the Cathetometen.
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The length of this line is the double amplitude of
vibration of the beamn,

(3) The amplitude reading should be performed simultaneously
with the direct stress reading such that the results
may be compared as having been obtained under the same
conditions, :

)

3, Unsteady State Low Frequency Dynamic Measurements = Experiment No, 21
Purpose

To demonstrate the use and 1imitations of a recorder for the study
of vibrations,

(a) Experimental Procedure L

A cantilever beam with two pairs of strain gages mounted as shown
in tho diagram Is to be subjected to various conditions,

(1) An original deflection at the free end, which 1is
suddenly releused to permit the heam to vibrzin freely,

(2) A concentrated load is appli:d to the free end, which is
given an initial deflection and then suddenly released
to permit the beam to vibrate freely,

(3) A concentrated load is suddénly applied to the free end,
" being perm*t*ed to £all through zero distance onto the
beanx,

(4) Taps with the steel hammer ai various locations along
the beam, -

(5) Taps with the éteel hammer at e location 0,78L from the
clamped end of the beam, (L is the beam length),

Recordings will be made of all five conditions,
and these records will be examined for:

Conditions Exherimental Results Desired
1 The frequency of the first mode of ‘vibration and the

time constant of decay of this vibration,

2 The frequency of the first mode of vibration and the
time constant of decay of this vibration,
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3 Verify that this condition of dynamic loading produces
an initial deflection (or strain) which is twice the
final value,

.4 The frequency of the second mode of vibration of the
beam, - Also ascertain the non-~reliability of the recorder
for'frequencies above about 40 cycles per second, by
observing the same phenomenon on the recorder and on the
gscreen of a Cathode Ray Tube. )

~5 Notice the absence of the second mode of Vibration
hecause the beam is excited. ot the node of vibration of
the second mode, ‘

Note that the {iequency of vibration remainq constant and independent
of the amplituds of vibration,

Methods of Calculation.of Desired Results

Frequoncies
AL bbbl oA

The recordings obtained show periodic pips along & line at the ;
bottom of the record, .These pips are 1 secord apart and provide & cone-
venient time scale, such that one must merely count the number of cycles
of vibration occuring in any given time interval in order to determine
the froquency of vibration in cycles per second°4

-The first, uecond, and third modes of +vibration will be evidenced

in the following type of rescord, and it is puSBible to d¢stinguish between..
them as shownt

2nd MODE

/
f'. 1 ~ )
I ¢ <§—— 1st MODE
/' P \ o

¥~ 3rd MODE.



566

Chapter XXII DYNAMIC STRAIN MEASUREMENT

Time Constants -

To a very good approximation, the rate of decay of the vibration.
may be expressed by a function:

Decay Factors . e~t/T

‘where e is the base of the natural logarithm (2,71828),
t is the time in seconds

7 ig the Time Constaont of Decay

att = 0 the decay factor is 1
at t = T the decay factor is 1/e = 0, 3670
at t =

2T the decay factor is 1/{e2) = 0,1353

One may theiéfore determine T by ascertaining the time ih seconds,

in which the amplitude of the vibration has decreased to 36.7% of its
initial value,

- Tims Constant of

‘5‘ , Docay in-Secs, | :
§ L N TR 93679 x
T T TAY ~ ! Initial
Taitial o e Y ' o Amplitude
e /’X \.________.
hiplitude |

4

L | =

] 7 v
-,‘/\/\#\,/\/v
‘ S ‘K<\\\"Vibration (900 Sf)

P
< Deoay Factor, o-t/T

(b) Qualitative Analysis of the Transient Phenomenon

The theoretical analysis of the freely vibrating cantilever beam
becomes extremely complicated when .the initial transient phenomena are
taken into account, Since the initial transient is of short duration,
an excecdingly good approximate theory exists as a tool of analysis, A

qualitative mnalysis of the cause of these transients, however, 1is
-indicated, -

When the beam is released from its static constraint (the initial
end deflection), the effective loading on.the beam is changed from a con-
centrated end load to a distributed dynamic load, -This change in loading
condition is accompanied by a change in shape of the deflection curve,
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" Since these changes cannot occur in zero time, a transient period of
geveral cycles of vibration is needed before the beam settles down to
its normal free vibration for which the theoretical equations are derived,

 Furthermore, the initial deflection condition of the beam corresponds
to its static deflection curve, This curve may be regarded as a super-
position of the deflection curves for all the modes of vibration of the
beam in proportion to the intensities with which they exist, Thus,
roughly, the static curve may be said to be couposed of a positive de-
flection of 103% of the first mode, plus a negative deflection of 3% of
the second mode, adding up to 100% of the 'static deflection curve,

odo of 2nd. Modo at 0,78 L
L : o=

e T T = — Harizontal Rcfercnce

\“&"““"znd Mode

AOONNOUSANNNY ALY

1st. Modo

It stands to reason, therefore, that during the initial few cycles
of vibration, several modes will be present until all but the first mode
have decayed, This decay takes place rapidly because the initial ampli-
tudes of all higher modes of vibration arc exceedingly small compared
to that of the first mode, A check on this evplanation may be obtained

-by exciting the bar at the node of vibration of the second mode (Condition

No, 5), The resulting record should show the absence of the second mode
of vibration, :

It also becores apparent that if only the higher modes of vibration
are of interest, the beam must be excited st locestions where the initial

amplitude of the first mode 1is small, whereas the amplitudes of. the higher
modes are at their maximum,.

2nd . Mode

Horizontal

3rd. Modef

\\\\\\\\\\\\\\\\\

lst, Mode
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(c) Specifications of System Components

Symbols . Iteﬁs Units
L Length of'tbe Eéam (ins)
b Width of the Beanm (ins)

'h Thickpess of the-Beam (ins)
I. Moﬁent of Inertia of Beam Section 4

bsh,3/12 (ins”)
E. Modulus éf Elasticity of the Beam (lbs/insz)
Y .ﬁens}ty 2% Beam Materiai (ihs/inss)
b Weight of Beam per Unit Length (1bs/ins}
w TotaiIWeight of Beam (1bs)
g Grav%ty'Constant > (in9/$ecz)
t Time‘ | (seec) -
£ Frequeucy (cycles/sec)
d Initial Bud Doflection of Beaﬁ | (ins) |
W Concentrated End Lodd Applied to the

Beam . ' (1bs)
C1 Constants obtained as solution to

(cos Ci,cosh C, +1) =0 See below
i Subscript to Denote Modes of Vibyatién

1, 2, 3, 4, 5, 6 40000

Strain Gage Type

- Gage Factor

Gage Resistance (ohms)

Node of Vibration of Second Mode

(from Clamped End)

Circult Type a ‘2 active gages

Supply Vqltége

(voltg)

Numerical
~yalues

20,45
1

0,060

18 x 10"
30 x 10°
0,283
© 0,017
0,354

A

‘386G,

0,1

A-7

1,93
120,

0478 x L

Potentiometric
g _
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{d) Theoreticsl Solution

(1) Theoretical Solution for Freely Vibrating Cantilever Beam

. C
fi = 12 Eolog cps
| 2SN A |

where Mode of Vibration 1 2 3 4 5 6
‘Value of C4 3,515 22,04 61,7 120,39 200 298,6
Value of fi in cps 4,77 28,6 81,8 164,2 272 408

{2) Thooretical Solution (approximate) for the Beam with an
End Load W

fl - \/-5 > SBEoIOgnL = 3,03 cps
2L g Y +t v

(e) Instrument Characteristics

The operating manuals for the Recorder will be available at test
location, From thom, obtain the recorder characteristics

Type of Svstem

Null Balance, Unbalance or both?

Carrier System or D,C,?

If Carrier System, what type carrier function?
If Carrjer System, is 1t phase-sensitive?

System Chgracteristics

Sensitivity, maximum and minimum in term of millimetérs
pen deflection per micro-inch per inch strain in a
single gage, : :

Frequency response, upper-and lower limits

Noise level in equivalent strain

Imput impedance

Linear Input‘Region in terms of strain

Zero shift
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Calibration Conditions

Typo of System: Equivalent strain, equivalent bridge
: output, parallel resistance?

‘Transducer séurce,lmpedance Limits:? explanation
Range Extenders: use and manipuiation
Zero-Suppression: use and manipuiétion~
Gage Factor Dial: »usé and iﬁterpretationA

' Ciréu;ﬁ |

_ Bridge or Potentiometric ‘ B

Suppiy'Vgltage |
Initial Bglancing Means Available and Their Range

Generai Comments Which May be of Interest

Types. of Transducers Accommodated

Anything Else Which Seems Appropriate

Note

If all these characterisfics are not tb be found in the instruction
books, then either the manufacturer has bublished an incomplete get of
characteristics, or the usér.desires‘information not really necessary,
Comment on the availability of the information, its relative importance,

and give a short description of the instrument,
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4, Transients of Short Duration === Impact - Experiment No, 22

(a) General Remarks
The problem of iﬁpact has two maJor,aspects:

(1) When considered as that of maximum and most efficient
energy transfer from one struck body to another, such as
occurs in pile drivers or air-hammers for example, The
problem there is to transfer the energy from the hammer
to the pile to the ground without -excessive energy dissi-
pation in the pile,

(2) ¥nen considered from the point of view of design where it
is desired to determine the stress values due to impact,
or optimum damping and redesign methods to lower peak strees
values, o '

The proposition is rendered the more difficult since theoretical
solutions to impact problems, slthough frequently available, are complex
end difficult to carry to completion; furthermore, experimental methods .
of investigntion must contend with the . exiremely short periods of time
during which ths entire phenomenon occurs, Work has been doune, and is
continuing, employing photcelastic techniques, Other investigators have
used the electris resistance strain gage and its fore-runner, the carbon
ESS strip for investigations of impact problems, References to some .
previous work may be found in this section, C

(b) The Problen

To deterwine the amplitq&es and the rate of repetition of a stress
wave set up by the impect of two freely swinging bars; correlation between

some experimentally deteriained quantities with some physical characteristics
of the system. . ’

(c) | Expcriment

Obtain a photograph of part of the initial wave and two or three sub-
sequent reflections, using the internal trigger mechanism of the CRO,

Calibrate the screeh of the CRO in terms of stress or strain along
the Y-axils, and time along the X-axis,:

Check the time between peaks of successive reflections determined

experimentally with theoretical values calculated from the information
given,. :
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\

(d) Information

Test Baf

Lengths
Diameter: :
Radius at struck end:

" Radius at free end!
Material: .
Young's Modulus:

- Poisson's Ratio:

Speed of Sound in Medium:

‘Supports:

‘Striking Bar

Length:
Diameter: ‘ ,

' Radius at Siriking End:
Radius at Freec Ends
Material:

Propertiest.
Supportay’

;Distance.Dropped: _
;Repeatability of Distance
Dropped;

Transducer

Types

-Btyle:
Resistance;
Gage Factort
Location:

Measuring Equipment

24 inches
1,062 inches

very large

very large

steel .

30 x 10 psi approx,

0,265 :

201,800 ins/sec at room temp,

at 2 locations by flexible strings,

24 inches

0,627 inches

1,0 inches

very large

steel

exact props, unknown

at 2 locations by steel rods on
ball bearings as shown

5 to 10 inches

assured by an Ames Diél Gage which
determines initial position to
0.001 lnches ‘

Electric resiastance bonded
strain gage

Baldwin SR-4, C-8

515 * 3 ohms

3.0 X 2% °

Three gages 120  apart-four from

- .struck end of test bar, mountsd
axially,

"Ellis Strain Gage Unit" used as a 2 stage amplifier

 DuMont Cathode Ray Oscilloscope Type 304-H long persistance screen
. Polaroid Camers Attachment for CRO,
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Characteristic of interest for. these instruments may be obtained from
the instruction booklets available at the test location,

Strain Gage Circuit

Type:
Ballast Resistor

Gage Reslstance:
Supply Volgage:

Strain Calibration

Type:
Method;
Calibration Reglstor:

Switch

Time Axis Calibration

Mcthod:
Type!

Veloclty Determinastion of Dropping Bar

Type: .

Methods:
Phototube:
Series Resistor:
Supply Voltage:;
Light Source:

Width of test strip:

Potentiometric

7,500 ohm wire-wound precision
non~inductive resistors,

3 series gages - 515 ohms ea,

'3 series adding 48-volt dry
cells,

Apparent strain
Entire System

5 M:>gohus rated, To be accurately

measured oh a Wheatstone Bridge
provided, '
60 cycl= buzzer coniactor -

Sece next few pages, :
Using an oscillator as standard

Experimental and/or theoretical

See next pages

RCA 934

10 Megohm precision resistor

2 seriles adding 45 v, dry cells

§ = volt automobile headlight
No, 1503 with lens system

0,75 inches,

(e) Calibration of CRO Screen X-Axis in Terms of Time

.Mefhod

One simple method of calibrating the X-axls of the CRO screen in
terms of time 1s to apply a sinusoidal signal of known frequency to the

Y- input Terminals of the CRO,
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The distance between peaks along the X-axis of the CRO screen .
corresponds to a time interval of 1/(frequency of input signal) in
seconds, The screen may thus be calibrated in terms of second per
inch along its X=-axis, '

It is to be noted that the frequency-adjustment dials on the CRO

must not be touched between the experiment 1tself and the calibration
of the screen!

{f) Determination of the Striking Velocity of the Impinging Bar

Theoretical

The striking velocity of the impinging bar is given by: V = (2,g8.h,
where h is the helght of drop of the bar and g is gravity acceleration,

Experimental

The experimental muethod available involves the mounting of a strip

- of known width necar the striking end of the bar, As & bar drops, a

photocell arrangement 1s interrupteu by the strip, An oscillographic
record of the time of passage of the test strip through the photocell
arrangement, coupled with the %nown width of the strip permits calcu-

-lation of the velocity of the bar at the photocell location, The photo-

¢¢ll must therefore be located such that the test strip passes through
it ‘only an instant beafore 1mpact occurs,

— g

J . v - \\\ \\\
: VELOCITY A AN
MEASUREMENT & _ AN Vi
+ 90 V EXTERNAL TRIGGER 4—\-\\-;-— «Q-L-\\-—:— _
o o e — - H - = - }
10 M. ! : : :

- I |
(_)ﬂ e Sﬁrip ' _ ]

J
To .
To <.'___.___@,.__ ——s
w______%@(
% " Photoooll - lonso Lamps FPhotocoll
Arrangcmont

(g) Triggering the CRO

With an open-shutter camera attached to the CRO, it becomes
necessary to trigger .the CRO beam at an instant such that the part
of the wave to be photographed appears on the screen, -
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‘Several such’triggering devices exist, three of which will be men-
tioned here: :

(@B Intérnal Trigger Mechanism of the CRO

The DuMont 304~H possesses an internal triggering mechanism which
is actuated by the incoming signal to be measured, As soon as that
signal reaches a predetermined amplitude (adjustable on the SYNCH con-
trol), the beam commences one traverse of the screen, displaying during
that time, whatever phenomenon is applied to the input terminals, Since
the time of traverse of the beam across the screen is variable (by’
means of the FREQUENCY controls), this trigger 1is convenient on occasion,
It possesses onec drawback, however, snd that is the following: there
13 a time delay between the instant the desired signal arrives at’the
CRO and the instant the beam commences its traverse of the screen,
Usually, this delay of some 30 micro=-seconds is not serious, In this

- eago, however, 20 micro-seconds corresponds to almost one-half of the .
first compressive wave which travels past the gage locations, The
pliotographs on the following pages show this fact, Hence, if it is
desired to obtain only the latter half of the first wave, and several
of tlie subsequently reflected waves, this method is quite adequate,

(2) External Triggering Méchanism

If the complete first wave is desired, a mechanism must be found
which emits an eloctrical signal at some short, adjustable time prior
to impact, .This signal enters the CRO at the EXTERNAL SYNCH binding
post and starts the beam on its traverse,

~

a) One simple method is to use the instant of impact itself to
trigger the CRO, Active terminals may be comnected one cach to each
bar, At the moment of impact, the bars make contact, and the resulting
electrical signal may be used to trigger the CRO, - The duration of
that trigger will be the time of contact between the bars, This method,
however, does not give an adjustable trigger in terms of time,

~ b) Another method available here is the photocell arrangement,
Instead of using it for velocity measurement, the electrical signal’
emitted by the photocell circuit may be used to trigger the CRO, By
appropriate placement of the photocell, a controllable amount of time
elapses between CRO triggeéring and time of impact, Thus the initial.
wave may be photographed, The only drawback here 1s that a second
trigger signal is emitted when the beam bounces back from impact,
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¢(h). Qualitative Study of the Impact Phenomenon

Impact studies are complex even in the simplest theoretical cases,
It is possible, however, with some imagination and physical reasoning,
to study the phenomena qualitatively,

When impact occurs between two horizontally moving bars, stress
waves are. set up in both bars at the point of contact, These stress
waves travel along the respective bars, much like a worm crawling
alonz the ground, The velocity of propagation of thece waves 1s equal
to the velocity of sound in the medium in which they travel,

Beferring to the diagrams on the following pages, the sequence of
events may roughly be described as follows:

(1) Impact occurs sending compressive stress waves down both bars,

" When each wave reaches the end of its bar, it is reflected according

to tne boundary conditions existing atr that end in the bar, £Since the
boundary conditions in this problem are "free-free bars,' hence zero-
etress at the free ends, the compressive wave arriving at such a ter-
minzcticn 1is reflected as a tensile wave, ‘Hence after the first reflected
wave in the struck ber has passed the gage location, zero stress exists

-beneath the gage, (Refer to Nos, on the following pages )}, Furthermore,

the two bars exhibit slightly different properties, such that the two
waves travelling in the bars do not do so at the same velocity, the ro-
fiected wave in the struck bar reaching the point of contact slightly
before the corresponding wave in the striking bar,

(2) The condition of. zero stress prevaills in the struck bar after
the first wave has been reflected, Since the bars are still in contact,
Le striking bar, (which 1s still under a compressive stress at the

"poirt of contact because its reflected wave has not yet reached that

point), shares some of its stress with the struck bar producing a new

- compressive wave which travels down the struck bar (See Nos, 2 on the

following pages) and a corresponding tensile wave in the striking bar,

(3) The reflected wave from the free end of the striking bar now
reaches the point of contact a very short time after the phenomena in
No, 2 have occurred, 1Its arrival leaves the end of the striking bar
with a condition of temsile stress, which 1is shared with the struck
bar, setting up a tensile wave (See No, 3) in the struck bar,
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SAMPLE RESULTS

STRAIN vs. TIME AT GACE LOCATION

TR ‘-%: g i
e 1
- LM/ .',‘4"\ ../ ]
M .v«;.c;&hﬂﬁj!;.‘—sJ

‘10, 000 CPS TIME AXIS CALIERATION
f. PR i e S o R -4

T2 I e e i B AT o3 5 . a0 B

4,97 MEGHOM SHUNT RESISTOR STRAIN CALIBRATION

EXPERIMENTAL DATA:

Ry 7,500 ohms

R three 500 ohm gages in series
\A 135 volts ' '

h height of drop: 5. 75"
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COMPLETE IMPACT PHENOMENA

USING EXTERNAL PHOTOCELL TRIGGER

STRAIN WAVE

TIME BASE
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.
. Pad
- S meaat 'Y
mma (s -
LY -
e IS

T

50,000 cycles/éec

100 cycles/sec
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{4) The duration of contact is over as soon as the reflected
wave from the free end of the striking bar reaches the point of contact,
The bars part company and a new set of boundary conditions must be
satigfied: zero stress at the point which.was the point of contact,
In order to satisfy that new condition, a compression wave (See No, 4)
starts from the ex-point-of-contact in the struck bar, leaving behind it
a state of zero stress in the bar, '

(5) Three separate waves are now left bouncing back and
forth in the struck bar, They arose under conditions Nos, 2, 3 and 4,
and they bhave different stress amplitudes aund are delayed relative to
one another in time, This triplet gilves rise to successively smaller
pulge shapes which are reflected from the free ends of the bars until
they are completely dissipated and the struck bar is again in a con=-
dition of rest, : :

The next page shows these steps in terms of stress along the bar,
The page following shows the stress vs, time relationship corresponding
to that at the gage location, The actuasl phenomenon in the bar will
not .exhibit sharp square edges as a simple theory might predict, ond
the rounding-off effect is shown, It will be noted that this roughly
predicted curve shape corresponds in general to the one actually obtaincd,

. It is to be noted that the distance between successive peaks in the
reffected waves after impact, should correspond to the amount of time
it takes a wave travelling with the speced of sound in steel to travel
_twice the total length of the bar,

Further more, the duration of the initiel wave is:

2 x {distance from the gage location to the free end of the bar)
speed of sound in the bar material

Thus an experimental check can be made with theoretically calcu-
iated values, o : :



584 |
Chapter XXIIX DYNAMIC STRAIN MEASUREMENT

STRESS ALONG BARS DURING CONTACT TIME

Striking Bar Struck Bar
(.1 \ | At Initial Contact
J M i

After 1st., Reflection has

. ‘ . , reached point of contact
<l , for siruck Uar

4)

After 1lst. Reflestion in
striking bar has reached"
point of contact

%H’

@ . _ v 4 As bars part company
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EXPECTED AND ACTUAL STRAI_IL: TIME PLOTS
AT THE GAGE LOCATION

(Qualitativel.y)
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CcHAPTER 12 B

DIMENSIONAI ANALYSIS

12.1. Introduction. This chapter can be developed in an autonomous
way without using the methods of analysis intreduced in the theory of
clasticity. It is also true that, although dinensional snalysis will help in
a better understanding of some problems in theory of clasticity, the latter
can be completely developed without using.any of the dimensional-analysis
approaches. As a matter of fact, the organized approach to dimensional
analysis is very recent, whereas the theory of elasticity is an old science.
In stress analysis, the main application of dimensional analysis will be
found in the design of models. .
. A knowledge of dimensional analysis is neeessary for the proper design
of models and the correct interpretation of the test results obtained from
them. ' ‘
12.2. Dimensions of Physical Quantities. In mechanics, the funda-
mental dimensions are usually taken as mass, length, and time, denoted,
respectively, by M, L, and T. The dimensions of other physical quantitics
follow from their definitions or from physical laws. For exomple, the
dimension of velocity, LT, follows from its definition, quotient of
length by time. Acccleration is defined as the quotient of velocity by
“time and has the dimension LT*. From Newton’s law, force equals the
product of mass and acceleration; it follows that force has the dimension
- MLT™* The dimensions of various physical quantities commmonly encoun-
tered in. mechanics are given in Table 12.1. Note that strain, angle, and
Poisson’s ratio are dimensionless.

12.3. Dimensionless Products. Given the five variables, length [

area A, strain ¢, force FF, and modulus of elasticity F, it may be obscrved-

- that there are an infinite number of products of powers of these five
variables. Examples are p, = PAF’E, p, = A% pa = Al 4y = FT'EA.
Here the exponents may be either an integer or a fraction, and positive, zero,
or negative. The dimensions.of products of powers are calculated by

replacing each variable by its corresponding dimerisions and computing -

the resulting exponents of 3, L, and T. Thus we replace ! by [L], 4 by
(L], e by (1], F by (MLT"?, E by [ML™'T*] and obtain

(L5 : |

278
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© Tanne 12,1, DIMERSIONS oF ENTriies

Length, Looo o {r.,
.\l"(‘:l, A 'Il‘:l
Voluwire, Voo oo oo B |2
Time, 60000 o e (71
Foree, F, P oo R [MLTY
Muass, oo (RH]
Speeific waight, y. ... ... ..., e b [M L7y
Massdensity, p. oo o0 [AI1 -
Angle, 8,0, 0te.. .o IR it}
Pressure and stress, p, o, ..., P | M1y
Veloeity, Voo P 1.7
Acceleration, a. .. ..o o e 1L7-?)
Angular veloeity, w. ... . oL e .i'l""
Angubar peeoleratlon, o ., e 477

. Energy, work, T, W. ... (M Ly
Mowentam, 0. ..o [\ LT~

TTPower, PoL o [V 1aT-3

Moment of a foree, M. ... ... .. . [P [V L27-2
Moment of inertin of anarea, 7......... ... ... .. . {4 ‘
Moment of inertin of a mass, . B I A 1 4 201
Modulus of clasticity, B, ......... . ... ... .. ... ... LV[F‘T"]
Btrain, e oo It
Poisson™s ratio, v. ... {1} !

Dimension of y = [LP[L*|'(MLT*PIML™'" 1%} = [M°L°T~*)
| IARISUERIA

Dimension of u; = [L*){L]™* = 1

Dimension of u, = [MLT™*"' [ML™'T™*|[1."] = 1
In gcnerz}l, the dimensions of a product of powers

po= ANt .

Dimension of g,

will be
[L)*[L%) }"’[]\IL"I'”]“[MIJ'"I"’]*‘

or

[A{]Ic.H:.[IJ]h o-u.u.-t.[T]—n.—u.

Products of powers like y, and g,, whose exponents of M, T, and T "

all vanish, are called dimensionless products of powers, Evidently ibe
product u will be dimensionless if and only if the exponents ky, k,, k,, k,
and k; satisfy all three of the following cquations:

Cko+ k=0 @ : :
ke + 2k, +k, — bk, =0 (12.1D
—2k, — 2%, = 0
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There are an infinite number of ‘combinations of the exponents k&,
k;, ki, and k; which satisfy the above condition so that the number of
dimensionless produets of powers which ean be formed out of the five
variablesl, A, ¢ I, and Fisinfinite. Examplesarer, = AU, =, = F7'EC,
e o= F'EA, 7, = AU, and 7, = ¢ '. Iere 7 denotes a dimensionless
product_ of powers and has no connection whatsoever with the value
3.1416. In this chapter, ¢ will denote a product of powers of variables,
whether dimensionless or not. The use of = will be reserved to designate
a dimensionless product of powers of variables, and the shortencd term
dimensionless product will be used for this.

FForming some products of powers of the dimensionless produects, it
can be noticed that '

Ty = Ty

o Ty = 7"?
so that =, and =, ean be cxpress&d as products of powers of =, and Ty
This suggests the following definition:

A set of independent dimensionless products of given variables is one
in which none of these products can be expressed as a product of powers of
other dimensionless products in the set. Here again, the exponents of the
powers may -be integers or fractions, positive, zero, or negative.

For example, 7, and 7, form a set of independent dimensionless products,
m, and m; form another sct of independent dimensionless products, m,,
w3, and m; form still another set -of independent dimensionless products,
and many more sets of independent dimensionless products can be formed
out of the infinite number of dimensionless products. Evidently if, in a
set of dimensionless- products, only one of them contains a particular
variable, then this dimensionless product will be an independent one.
The simplest way to construct a set of independent dimensionless products
is therefore to make one variable appear exclusively in one dimensionless
product, another variable to appear exclusively in another dimensionless

. product, ete. : :

¥or example, in the set of independent dimensionless products composed
of m,, my, and =, { appears exclusively in m,, I appears exclusively in s,
and e appears exclusively in =, ‘ ]

12.4. Matrices'and Determinants. Dimensional analysis is based on a
theorem demonstrated first by Buckingham and known sometimes as the
# theorem. To understand this theorem, some knowledge is required of
the elementary properties of matrices. These will be given below.

A rectangular array of numbers is called a matrix. If the number of
columns equals the number of rows, the matrix is ealled a square matrix,
of order n. If there are n rows and m cclumns {n # m), the matrix is
sald to be of ¢ “>rm X m. Associated with every square matrix of order
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n is a number called the determinant of order n.  The determinants ol-
tained after crossing out certain rows or columns or both froni a meira
are called the “determinants of the matrix.” Tables 12.2 and 12.3 Cive
an example of a matrix and one of its third-order determinants

Tapir 12.2. EXAMPLE OF A MATRIX

. -

a) as as ay
by b, by by
(4} €2 Cy Cy

TanLe 12.3. A THIRP-ORDER DEPERMINANT OF T115 Marrix oF Tanur 12.2

a4 as ay
bl bl bo
(] 4] €y

Determinants can be evaluated by the methods commonly used in
algebra. * FFor example, the value of the determinant of T:ll;lc 123 is
abycy + azhye, + abic, — a,bie, — asbicy — abier. 1t occasionally happens
that all determinants above a certain order taken from a ma.t.rix have
the value zero.  The following definition is employed in algebra:

.If a matrix contains a nonzero determinant of order r, and if all deter-
minants of order greater than r that the matrix contains have the value
zcro, the rank of the matrix is said to be r. -~

12.5. Complete Set of Dimensionless Products. The concept of a
complete set of dimensionless produets is essential in dimensional analysis.
The following is the definition of a complete set of dimensionloss pr()(lﬁétﬁ'

A set of dimensionless products of given variables is complete if c:wh.
p-ro(lu(:t in the set is independent, of the others in the set, and every dimen-
sionless produet of the variables is a product of powers of dimensionless
products in the set. In other words, a completd set of dimensionless pro-
ducts is a set of independent dimensionless products with the additional
property that every possible dimensionless product of the variniies may
be expressed as a product of powers of the dimensionless producis in ¢,
sct.  Ior example, =, and r, have been shown to he independent of ~ach
other and form a set of independent dimensionless products.” Also, =,
and 7, have been shown to be expressible as products of powers of{ 1r3
and w,. Now if it ean be shown furthermore that any (liménsionl(‘.s;
product = = " A* "B iy oxpressible as a product of powers of 7
and m,, théen =, and =, will form a complete set.  Similarly =, and T wil;
form a complete sct if they meet the above conditions for a complete set.

After dealing with the previous example the general case will be dis-
f:u.ss(‘rd next.  Let us consider the n variables whose dimensions are given
in Table 12.4, The rectangular array of numbers g,, b,, giving the
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TasLe 12.4. A Dimensionan MaTrix

l T Iz e Tn

A! a [+ 7] a, .
’ L ! b by ba
T 5 ¢ € Cn

dimensions of the variables z,, Z,, ... , Z. corrésponding to the funda-
mental units in the first column is ealled the dimensional matrix of these
variables. Evidently the product zt'z;'---zi will be dimensionless
if and only if the exponents ki, k,, . . . , k., satisfy all three of the following
equations: . o

ak +ak, + - 4 ak. =0
bk, + boky + -+ + bk, = 0 . (12.2)
ok, + ik, + +_ann =0

By the theory of algebra it can be shownt that (1) Egs. (12.2) poscees
exactly » — r lincarly independent solutions in which 7 is the rank of
the dimensional matrix given in Table 12.4 and (2) any solution

il

(ky, kay -+, k,) is a lincar combination of these n — r linearly independent”

solutions. Since each solution (k,, k., --- , k,) represents a dimensionless
~ product, property (1) is equivalent to stating that these n — r dimen-
- sionless products are independent of each other and property (2) is cquiv-
alent to stating that all other dimensionless products may be éxpressed
as a product of powers of these n° — r dimensionless products. Hence
the following important theorem on dimensional analysis: o
The number of dimensionless products in a complete set is equal to
the total number of variables minus the rank of their dimensional matrix.
It should be pointed out that there is an infinite number of complete
scts. By accumulating any n — r independent dimensionless products,
a complete set is obtained. - '
Returning to the example given earlier.in’ this chapter, we have the five
variables I, 4, ¢, F, and £. Their dimensions are given in Table 12.5.

TaBrLe 12.5. Tne DimensioNal MATRIx oF Tue Five
Variasies l, A, ¢, F, anD E

I { 4 - P r E
M 0 0o 0 1 1
L 1 2 0 1. -1
T 0 0 - 0 —2 -2

{See any standard text on theory of equations, for instance, L. W. Griffiths, “Intro- .

duction to the Theory of Equations,” chap. 7, John Wiley & Sons, Inc., New York, 1947.
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It ¢an be shown by evaluation that all determinants of the third order
taken frone the matrix of Table 12,5 are zero and af least one of the second-

-~ order determinants is not zero.  Therefore the rank of the dimensional

matrix is 2. Hence there are only 5 — 2, or 3, dimensionless products in
the complete set.  Accordingly, =, = A%, = F 1P, ™ = €' con-
stitutes a complete set of dimensionless produets of the v:lriulﬂns LA ¢F
and F. It should be noted that any three independent dimc’nsi:)ni(‘s;
products here will form a complete set. o
.'12.6.‘ Dimensional Homogeneity. An equation will be said to be
dum:nsmn{tlly homogenecous if the form of the equation does not depend
on the units of measurcment. For cxample, the equation of the fulling
body (h = 3g*) is valid whether length is measured in feet, meters, or
inches and whether time is measured in hours, years, or seconds brovi:lcd'
g is measured in the same units of length and time as h and 1. ',Phcrcfore
by definition, the equation is dimensionally homogeneous. . If the valuc,

g = 32.2 ft/sec® is substituted in the cquation, there results b = 16,14

tl'his equation applies only if length is measured in fect and time is measured
in seconds and is not dimensionally homogencous. E

The application of dimensional analysis to. physical problems is vased
on the hypothesis that the solution of physical pl:()bl(,‘ms is :Jvl\va);s e‘(pltc -
siblec by means of a dimensionally homogeneous equation in ter;'ns ;f
specified variables. This hypothesis is justified by the fact that the funda-
mental equations of mechanices are dimensionally homogencous and th:lt
relationships that may be deduced from these cqnationst:'xre consequentl
dimensionally homogencous. : S

We quote, without proof, a fundamental theorem on dimensional analysis
called Buckingham’s theorem:t - R

If an equation is dimensionally homogencous, it can be reduced to a
relationship among a complete set of dimensionless products.

12.7. Elastic Structures Statically Loaded. All the above applies to
any physical phenomenon.  In the fullu(ving, an application will be devel-
oped to t,h(; case of statically loaded clastic structures. The mateviat of
the structure ean be completely defined by the modulus of claxstx;" I
fmd l’oisson’.s_ratio v as shown in the chapter on the theory of ciast.ichi: ]
The geometry of the structure ean be defined by oue length [ and t}{e
ratios 7, r{, r{’, . . . of all other lengths to I. The loads can b:: divided. into
five categories. : ' ’

1. Concentrated loads acting on a point can be specified by one of them
P, and the ratios ry, 74, rJ’, . . . of the others to P." P will have‘the dimension,
of a force.

tFor the proof of this theorem, sce Hen i i
s , ry L. Langhaar, “Dimensional Analysi
and Theory of Models,” chap. 4, John Wiley & Sons, Inc., New York, 1951. e
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2. Loads distributed on a line can be specified by one of them, @, and
the ratios ry, 14, r4’, . .. of all others to Q. Q will have the dimension of
a force per unit length. K

3. Loads distributed on a surface can be specified by one of them, R,
and the ratios 7y, 74, 74/, . . . of all others to R. R will have the dimension
of a furce per unit arca. : '

1. Loads distributed in a volume can be specified by one of them, S,
and the ratios rs, rf, i, . . . of all others to S. 8 will have the dimension
of a force per unit volume. Body forces such as the dead weight of struc-
tures and seismic loads belong to this category.

5. Prescribed boundary displacements can be specificd by one of thein,
U, and the ratios re, 74, 7/, . . . of all others to U. U will have the dimension
of a length. '

The dircetions of the loads ean be specified by 6, o, 0, .... The
formula for the stress at a point whose coordinates are z, ¥, 2, will be

. ’ . ’ . ’ . ro .
o= f,(x,y,z,E,v,l,n,r.,- o ;P;szrzv' 0T ;er'a,‘r:s" T ,12,7'4,7'4,' s} 2 3}

’ . o .nn att
S,r_e,,r,,---,U,r,,,re,-'-,o,o ,0_ )“')

assuming isotropy and homogeneity ‘and Hooke’s law. The dimensional -

matrix of the above variables is

TanLe 12.6. DIMENSIONAL MATRIX OF VARIABLES OF LLASTIC STRUCTURLS

a' z Ty z E v L P Q R S U

e
M 1 0: 0 0 1 0 0 1 1 1 1 0
L -1 1 1 I -1 0 L1 0 -1 =2 1
T -2 0 0 0 -2 0 0 -2 -2 -2 -2 0
R SR A A £ A T AU U S O ho... 8 @

00 ... 00 ... 00 ... g ¢ ... 00 ... 00 ... 0 0
o0 ... 00 ... 00 ... o0 ... 00 ... 00 ... 0 0

00 ... 00 ...00 ... 00 .00 o ... 00 ... 00

Since all the third-order determinants taken from the above matrix are

zero, and at least one of the seeond-order determinants is not zero, the

rank of the matrixis 2. The number of independent dimensionless products
nceessary to form a complete set of dimensionless products is therefore
two less than the number of variables. The following constitutes a com-
picte set of dimensionless products: o

K o X Yy 2 P Q R St U _ ,
Ey_l;_l:-lyyyl_ﬁirmyﬁr-j;v:;—i-yrnrn"':
'4'1'2;7;'"' ,1’;,"',r‘,T:,"',7'5,1";,"',Tg,'l’é,"',a'o’y"'
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By Buckingham’s theorem, I3q. (12.3) is reducible to the following form:

ryz P QR SLU

- g f(‘ oL U
E-)N\ND I UV BRI ELVEE L

[ 4 - . 4 .
Tiy Ty yTay T2y “ 0 3TasTay "7y

\ TayTh, v 3P, TL, o jTanTay “° 5 0, 0',---) (12.9)

In experimental stress analysis, it is often impracticable to perform tests
on the real structure or prototype. In such ecases, a model of the real
strueture is built, usually at a reduced seale and often of a different material.
Tests are performed on the model, and the stresses and strains in the model
are determined.  The stresses and strains in the real structure can then
be obtained if the relations between the stresses and strains in the model
and the prototype are known. This relation can be established by dimen-
sional analysis and will now be shown. Equation (12.4) is ;*,p;iliIO(i to
both model and prototype. Although the form of the function- f, is
unknown, it is the same for both. If we make a model such that the
numerical values of all the dimensionless produets x/1, y/l, z/l, v, ...at
the right-hand side of Eq. (12.4) arc cqual to those of the prototype,

respectively, then the numerical value of o/F for the model will also be

equal to that of the prototype. If the subscript m is used for the model .
and p for the prototype, then : '

Iy _ Inm
A
or
r,
T = 7 Om
4m

The true stress at any point z, y, z in the prototype would then be equal
to the stress at the similarly situated point in the model multiplied by the
ratio between the modulus of clasticity of prototype to that of model.
Making z/1, y/l, 2/l the same for both nodel and prototype meanns
that the stress is to be taken at similarly situated points in the model
and prototype. Making r,, r{, . .. the same for both model and prototype
means geometric similarity for the model and prototype. Making r,, -
Py e ey T ee e 3T Thy oo § Ty Ty ovs 3 Tay Tay oo+ 50, #’, ... the same
means similarity of load distribution. - If the stresses do depend on ,
then the model material should have thé same Poisson’s ratio as the
prototype. Making P/EF, Q/Fl, R/E, SI/E, U/l thc  me for. both
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means

P, L. (’_)

" Pp - Ev lp
Q. _Enl
Q Il
Ra _ Ex
Rv B EP
Sn _ En Ly
Sp Eﬂ lﬂ '
Up _ In
Uu, L

The loads must therefore be scaled down according to these rules.
Similar analyses can be carried out for the displacement w and the
strain e at any point z, y, 2, of the structure. Thus :

‘ﬁ_f(?_l_/é r )
l_ 3 l)lrlxlelh“'

_ i (zyz P )
¢ = f‘(l’l’l"”]z‘t"""

For a modcl which has all its values of z/1, /L, 2/, v, P/EL, ... equal
to that of the prototype, : .

W _ ln
w, I
€, = €

-

The deformations have not been assumed small. The above applies to
all structures made of materials obeying Hooke's law and stressed below
its proportional limit. Very flexible steel springs, thin plates transversely
loaded to large deflection, and other structures where the stresses, strains,

displacements, and redundant reactions are in general not proportional .

to the loads can therefore also be analyzed by the above procedure.
12.8. Linear Structures. From the theory of elasticity, we know that,

for stiff structures where the deformations do not affect the action of the

loads, the stresses, strains, displacements, and redundant reactions are
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alwavs linear functions of the loads.  This knowledie mukes the following
simplification of Iiq. (12.1) possible:

o _ P (z v , :
E =P 7 i ,l,v,r,,r.,...,r,,r.,,...,B.e ,)
Qo (BhE ittty 0
4 ;—‘ g(ﬂ’jyr, ,r:,...,r.,,r;,...,o,a',...> | (12.5)
+ % g,(f,%,%,v,r. ,r{,...,r,,rQ,...,B,O',...)
+ (l—[gﬁ(:zv,?zl,'gl,v,r, ,r.’,...,r,,r.ﬁ,...,e.e',...)

Similar expressions exist for 1 ‘ ‘ / 1

l p b 1,' v/l and e.’Ifwe make /L, y/l 2/ v,y rl, . L,
Ta Th oy Pay Ty e Ty Ty oo oy Tsy Thy e e ey Tay T8y -0, 0, 8, ... te same
for model and prototype, then o

o P . Q R
=0 ‘”F+(/2m+oaﬁ+n4

i Sl %
=" i

T‘J- + (‘1.1 T

where the constants 7, C,, . . ., Cy are independent of the loads 12, Q, R, S
U and are the same for model and prototype. By running five soparat-c'
tests on the model, each test using only one among the five types of loads
P, Q, R, S, U, the values of these constants Cy, C, . ..
mined for any point whose stress is required.

‘Similar constants for the strain e and displacement w/l can’ be deter-
mined in the same manner.  This reasoning will be applied to two con-
crele cases in the following examples.

Example 1. Let us consider a thick plate with a hole (Fig. 12.1), under
a uniformly distributed load R, at its two ends. Let the modulus of
clasticity and Poisson’s ratio of the material of the plate be £, and »,.
respectively.  The problem is to design a model to study the stress dist',';-
bution of this thick plate.

By Liq. (12.5), the stiesses o, in the prototype at any point A, whose
coordinates are z, ¥, z are given by .

9 _ I_L' Yz ’orr
R En - l’/’, g l_)z_!_lyx:rrl anat
(12.6)

- Tyz
or . oy = Rvg:!(Zy—[:ZJV;rl yrl’yrf’>

- Consider a model which is geometrically similar to the prototype so

A

h
v

, Cs can be deter-
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Fic. 12.1. Thick plate with a hole, under a uniformly diétribuicd load.

that r,, r{, r{’ are the same for the model and prototype. Let the model
be made of a material having the same Poisson’s ratio as that of the proto-
type. Under & uniformly distributed load E., the stresses in the model at
* a similarly situated point 4, will be given by

T = ngzl(%)‘%ﬁl,":rl ,T{,T{') : (127)

where g5 will have the same value as in Eq. (12.6).
Lquation (12.6) is divided by Eq. (12.7) to obtain

o, R, : .

' R , (12.8)

The stresses in the prototype and in the geometrically similar model at
similarly situated points- are thercfore in the same proportion as the
intensity of the uniformly distributed load. The materials of the proto-
type and the model must have the same Poisson’s ratio but not necessarily
the same modulus of elasticity. The length scale factor of the model docs
not appear in Eq. (12.8), so that the model can be made one-tenth or
five times as large as the prototype and Eq. (12.8) still holds.

If the plate is thin, from the theory of elasticity we have the additional
knowledge that the plane-stress solution is applicable. This means that

EY
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for thix eaze hoth the thickness of the plate and Poisson’s ratio will not
enter the solution for stresses.  For such a prototype the model musi ‘w.
geometrically similar to the prototype in the dircetion of its “'idth" m"frl.'
l(-!ngth. It can be a thin plate of any thickness which is small comrared
with the diamcter of the hole, made of any clastic material. Th:a rclat.ox
between the stresses in the model and the prototype will still be given b
Eq. (12.8). Here again, the length scale factor of the model does not-entc};
Eq. (12.8). The model can be half or twice the size of the prototype and
Eq. (12.8) always holds. o

- Kzample 2. Let us consider a thick cylinder with an eccentric hole
loaded as shown in FFig. 12.2. By Eq. (12.5) the stresses o, at any pointt
A, whose coordinates are &, y, 2 are given by ’ ‘

o _ P, (zy:z \ | R, (zyz

P P
|
Y

A

L d
Alxy2)

l<—r|[->i-<——-r,'l——>1 e
l T
|
le
|
]

e
|
i(-
]
]

F P

Fia. 12.. 2. Cylind_(-r under internal pressure and a concentrated diametral load:

Construct a model geometrically similar to the given cylinder, and
n‘m(lc of a material whose Poisson’s ratio is the same as that of the proto’tvpc
’l.he.n, at a similarly located point A, in the modecl, the stresses u;lder:
similarly distributed loads P, and R,, will be , o

T r

In _ fm (ZYZ o R, (zyz '
Em '1',,,,,: (]I< l’lylvyvrl T ) + i{j; ‘g.?<‘l,'§,z;l',r| ,Tllyrl”> (12.10)

where g, and ¢, have the same values as in Eq.‘ (12.!)).
To get o, from the observed o, in the model, either one of the two follow-

. ing mcthods can be used.

Method 1. The principle of superposition will be used. The portion
of thc stress (0,), due to P, alone will be determined separately from the
p)ortxon of thfz stress (v,), duc to B, alone. Then the true sticss o, due to
P, and R, will be obtained as the sum of (s,): and (o,).. "'l‘w.o speparate
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tests must therefore be conductéd, one employing P, only on the model,
and the other employing R,, only on the model. The values of (s,), and
(¢,)2 are obtained from these two tests separately by the method shown in

Example 1. -
Method 2. The ratio of P/I* to R will be made the same in model as

in prototype, so that

Pm
s (12.11)

By Eqgs. (12.9), (12.11),

P
Oy = ‘ig g + RﬂgQ

P,
=1, I—g:l‘*: g + R.g: (12.12)
R,[P. -1
| ~ k. {7 ot ng,]
Therefore by Egs. (12.10) and (12.12), a
¢, = 1%”" : S (12.13)

Given any combination of P, and R, it is sufficient to load the spccimen
in such a way that Eq. (12.11) is fulfilled, and the stresses in the prototype
o, can be calculated from the observed stress o, in the model. In this
‘method only one test needs to be conducted. But the stresses obtained
will be only those corresponding to the given combination of P, and E,.
To obtain the stresses of a different combination of P, and E,, a second
test must be performed in a similar manner. After the stresses correspond-
ing to any two different combinations of P, and R, are obtained, the stresses
due toa load of P, or I, alone can be computed by solving two simultancous
equations. The stresses corresponding to any other combinations of P,
and R, can then be obtained by superposition. :

It should be pointed out that no restrictions are imposed on the value

of the modulus of elasticity E,, of the material of the model. The stresses

are independent of the modulus of elasticity. - The strains in the prototype
¢, are always calculated from the stresses and will of course depend on E,.

12.9. Composite Structures. Where the structure is composed of two
or more materials whose moduli of elasticity .and Poisson’s ratios are
E, E, E, ... ;v wn, v, ... respectively, the additional dimensionless
products E\/E, E,/E, ... ; v, v, v, ... would appear, and these must be
the same for model and prototype. Often Poisson’s ratio does not affect
appreciably the stresses sought and can therefore he omitted. For example,

Iy
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o the model of a reinforced-conerete structure may bhe made of ll\utvﬁqls

having the same ratio of moduli as between steel and conercte hut wiil
Poisson’s ratios different from steel and conerete. '
12.10. _Application of the Method to a Specific Stress-analysis Prouer.
Suppose it is desired to determine experimentally stresses and straing S(;t
up by shock waves impinging upon obstructions embedded in a ww\}e-
propagating medium.  Since full-scale tests are expensive, the possih‘ility

- of experimentally studying the problem by means-of scaled-down models

might be considergd. For example, the stresses could be determined photo-
elastically, and a purely optical approach might be used to obtain di’:pl'\ce;
rrfents and heuce strains. By means of the methods of dimensional a;ml‘y;is
diseussed in this chapter, the feasibility of using such experimental mmho&s

. to study this problem will be investigated. It is cautioned, however, that
Ty

this discussion should be looked upon as only an example illustrating the
use of the methods of this chapter; and while a set of seale laws are derived
.Whlch must necessarily be adhered to in conducting the experiment, there
18 no reason to believe that these laws represent a sufficient set o’f Coll-
ditions to be met. For a new problem such as this which is gone into far
the first time, a simplificd approach is uscful as a preliminary feasibiii,
study; but it may be found that additional variables over the ones 9electe(}i’
have influence on the problem. \

The variables involved -in specifying the phenomena are contained in
some function ’ ' : .

~

g = F(Ty.’/)szyE'))e)Vyvfl)prpﬂt;lyrl :r:y--';ljvr?yr;.y;"; '
’ . ’ . A
Q,rJ,ra,...,If,rq,n,...,S,r,,,rg,...;U,re,r,’.,...;0,0’,0”,.;.) (12.19)

wl:;ch gives the stress ."Lt the point z, y, 2. Symbols which appear here
and were not present in the previous examples are those arising from

the dynamie nature of the problem, viz., mass density p and time /. The

terms I4,, v,, p, refer to to the obstructions, while 7, e, v, p refer to the

. wave-transmitting medium. The remaj : i
| avetro cmainder of the variables apply through-

Tl?c following simplification and assumptions are made: By the intro-
duc.txon of. E'.zmd v 1t 1s implicitly assuined that the phenomenon occurs
entircly within the elastic range. This-is not quite true in the case of
many p.ll(.)t()el.').stlc muterials.  In most plastics, for example, the modulus
?f elasticity £ has been found to vary with strain rate. If this effect
Is very pronounced, the problem becomes much more complicated. It
will nevertheless be supposed in this illustrative example that E and
v are constants and that this approximation will le 3 i ' ‘

v aro c ; ad to sufficiently accurate

It will be further assumed that no damping occurs, i.e., that there is

L
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no wave atteriuation resulting from internal.friction, or, as it is often
called, “hysteresis damping.” Damping is present to some extent in all
materials, but in this example it will be neglected.

Isotropy and homogeuncity are, of course, also assumed. The terms
S, 75, 4, - - - can be excluded if body forces are neglected.  In many appli-
cations, obstructions can be considered to be acted upon by a plane-strain
shock wave (i.e., one for which the strain perpendicular to the direction of
its travel is zero). This suggests using for the model wave-transmitting
medium a slab of photoelastic material (see Fig. 12.3). Knowing the stress-
time shape of the shock wave approaching the obstructions, a simulated

stress- (or displacement-) time wave can be applied to one end of the model

\y

Obstructions
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|
|
|
|
|
|
§
|
i
|
i
|
'
1
|
!
|
|
—

rd
-~

-
T e——
. ) Direction of
/7 / wave frovel
r'4

Direction of phofoelostic and
&l optical observation

Fi5.12.3. Possiliie laboratory method for determining stresses around and displacements
of obstructions partially or fully embedded in an elastic medium,

medium, and the resulting stresses and displacements around the obstrue-
tions can be determined by photoclasticity and optical techniques as
schematically-indicated 'in the figure. By so formulating the problem,
the variables P, ry, 1), ... Q #ay 74, oo 3 By v, oL e Ty
8,8,6",...conbeomitted in IBq. (12.14), leaving simply the dispiaceincat
U = U(f), which represents the plane motion of particles in the medium
immediately in front of the obstruction. Equation (12.14) thus simplifics to

g = F[Z,y,Z,E,Eo,G,U,Vo,p,po;t;l,ﬁ,T{,...;U(t)] (1215)

Examination of the dimensional matrix of these variables will show that at
least one third-order determinant is not zerot, so that the rank of the

tOne nonzero determinant is that c‘orrcspon(]ing to the three variubles o, p, ¢; that is,

1 1 0
-1 -3 0= -2
b =2 0 1
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matrix i1s 3. The number of independent dimensionless products neécssary
to form a complete set of dimensionless products is therefore three less
thtn{l the number.of variables. One of the ways of writing the 00111;,"‘ :
set. is ' o

gy z .ol P
Fe’ I lyly I y €y ¥y ¥y, E‘ti,‘j’e,rl,r.’, ,% (121())

oz y z [,
If the value of cach of these groups is made the same for the model and
prototype, then, by Buckingham’s theorem, the law {I5q. (12.13)] govern;
the phenomena will hold for both. Making x/1, y/1, z/1 r- r ) e ”'%
for both means that the model will be gcomctricn]h.r si’mila,r t:)’th‘(’: r')r.o.to?l'.xa
and tha? the stresses occurring in the model will (.mcur in the prototy c)P:
geometrically similar locations, Using subscripts m and P tr; gfn():
model and prototype, respectively, and introducing the scale factors )

B,

= % €
K, = - KR = = K' - P
O K, c.

the condition of equality between n ' '

. - del and prototype of the first: d;
sionless product can be written 4 b dimon-
'K, = KEK.

This can be done for all the dimensionless groﬁps, with the results
K, = K.K, Ke=Ke, - K,=1 K =K _ =1
KK} = K K? K, = K, Ky = K\K

X If the test is kept within the linear range of clasticity, the requirement

« = 1 need not be met. This is because a deviation from this require-
ment cqrres;puds (_mly to an equal deviation in K, and Ky, which in turn
mcr‘cly unpl‘ms a higher or lower stress and displacement level
X 'tlhhe requirement that XK, = K,., = 1 means that Poisson’s ratio for
oth model and prototype obstruction and wave-transmitting medium

must be equal. Quite probably it will not be possible to adhere to the ro-

quirement, and it must be neglected.

. A final simplification: if [, is much larger than F (that is. the ob,erue
. . - i v -

tions can be assumcd to be rigid compared with the wave-transmitting

medium), E, can be dropped from the analysi i
A ' alysis. The fi sl
equations is then Y ¢ final set of scale-law

K, = KK, ' (12.17a)
KK = K.,K? : (12.170)
K, = K,, , (12.17¢)
K, = K‘I.{' ' - (1207q)
"~ K, = arbitrary but_below elastic limit . (12.17¢)
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There are many possible ways of combining the variables to obtain
a complete set of dimensionless products such as given-in (12.16); however,
the one chosen leads to a form of Bgs. (12.17) which admits a direct
physical interpretation. Thus, Eq. (12.17a) is representative of the stress-
striin relations [sce Eqs. (4.17)}, and Eq. (12.17b) corresponds to the wave

equation in mechanics.t The third equation simply states that the ratior

of densitics of obstruction fo wave-propagating medium must be the same

for both model and prototype, and Eq. (12.17d) cxpresses the strain-

displacement rclations of the theory of elasticity {Eqs. (2.11) and (2.13)].
Other scale factors ean be derived from those in Eq. (12.17), viz.:

Wave-velocity scale factor = K,/K, (12.18a) .
Wave-acceleration scale factor = K,/K} . (12.18b)
Particle velocity scale factor = K/K, = K, K, /K, (12.18¢)

Particle acceleration scale factor = Ky/K} = K, K /K!  (12.18d) .

The basic design equation for setting up the experiment is Bq. (12.170).
To illustrate, suppose the values - . ‘

E, = 55,000 psi

p. = 90 lb/ft’
are as.s:umed fgr soil; and ‘

E, = 18 psi

pm = 62 1b/ft

, _
are taken for the chosen photoclastic model material; then by Eq. (12.17b)

K, _ \[53,—06(7/7&? ~ 16

K, 90/62 =
This means that, for a wave traveling 1,700 fps in the soil, the model wave
velocity will be 1,700/46 = 37 fps. The above also establishes the ratio
of the scales for length and time. If a convenient length scale is 150,
the time scale will be approximately 3. The acceleration scale will cor-
respondingly be, by Eq. (12.18)),

’ K, _ 150

ﬁ=_9_=16'7-

From Egs. (12.18¢), (12.18d), particle velocities and accelerations will, -

on the other hand, be K,K,/K, = 46K, and K,K,/K; = 16.7K,, respec-
tively, which indicates that these are proportional to the strain scale
factor, whatever its value is chosen to be.

1A simplified form of which is, for example, that the velocity v of a wave propagating
in a long slender elastic bar having density p and modulus of E is expressed by: v =

VE/p.

Fic. 12.4. Geometric similarity between model an
bar under a unidimensionnl state of stress,

it. may scem that the dimensions of a geometrically similar model
given by [, = N, a,, = Aa,, and b,
- factor. The cross-sectional area of the prototype is given by
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12.11. Structural Similarity. [f the fundamental equations governing
the phenomena are known, the seale-fictor laws may be derived directly
from these equations without utilizing the methods of dimensional s, §'S.
Thus in the example mentioned in Sec. 12.10 we wight expect that the
stress-strain relations, the strain-displacement rc]:lt.ibns, and the wave
equations of mechanics are known to apply. By writing these equations
in their most general form for both the model and the prototype, and
introducing the scale factors, Eqs. (12.17) will result directly. ’

In order that the reader may understand these concepts, he is ‘advised to
pursue the following simple examples which illustrate the use of structural
similarity in the derivation of the basic scale-fuctor laws in each particular
problem, ‘

Straight Member under Axial Load. One of the sim plest problems which
may be solved by the principles of structural similurity is that of a straight
tension member under n unidimensional uniformly distributed. axial load.
Such a member of rectangular cross section is shown in Fig.'12.4. Here

0p—-—>
2
”mv{*"‘]
T /
i T‘ L
]
| S\
| [ 4, I
/'{__74 I/" >§{‘_“_;’
‘/——— _//
L lf_ . :
I 3L+
| X
|
I B
L___ {6} Model
// .

<
<

hh
rd

{9} Prototype

d prototype in the easc of & atraight

are
= Ab,, where X is a given constant

4, =a, X b, (12.19)
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The area in the model will be given hy ‘

4. =2 X 4, (12.20)
Similarly it is seen that | . ' |
Va=N" X1V, ; (12.21)

where V., and V, represent the volumes of the model and prototype
respectively.

If the stresscs are defined as total force across any cross section divided
by cross-sectional area, i.e., ¢, = R,/4, and ¢, = R../A., it may be seen,
using Eq. (12.20), that ' ~

. R o
-G'm = XQA, - (12.22)
If the requirement that the stresses in the model and in the prototype be
the same is to be satisfied, it is necessary that the load on the model satisfy

the relation
. Rm = )\TRD (12.23)

If the requirement that the load on the model and on the prototype be the
same is to be satisfied, it i3 necessary that the stress in the model satisfy

the following relation:

© o =2 (12.29)

At this point it may be observed that the elastic constants E and »
do not influence the scaling laws of either the model stresses or model loads.
Assuming that the elastic constants of the mode and the prototype are
different, it is necessary that the scale-factor laws for the model strains
contain one of these constants, viz., Young’s modulus, E. Thus, we have

Oy __ Rn o
. (12.25)

o _ R :
== (12.26)

From (12.26) it is easily seen that the requirement that the strains in the
-~ model and in the prototype be the same implies either that E,, = E, and
R. = N'R, or that E,, # E, and ‘

’ .
R. = %R, | : ‘(12.27)
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The requirement that the loads on the mod
; : + load: > el and on the : :
same implies that I)TOtUtypb-bC the

E, _ '
N (12.23)

€ =

It should be observed from L. p
“q. (12.22) that, regardless of th ic
shape of the cross section, if 4, = A,/K, - ‘ oo eometnic

on = Ko, (12.29)

provided that the loads are the same. It should also be pointed out that
Eqgs. (12.25) and (12.26), relating the strains in the model to the strains in

the prototype, will alid rea; .
Thu:)is, ifype vill be valid Fcadr‘“cs_s of the shape of the cross section.

A, =2\4,

- whatever the shape of A4,, and A,, the strains in the model will still be

relateq to the stra.ins in the prototype and Eqs. (12.27) and (12.28) wiii stiil
be valid. Another.lrflportant result shown by these considerations is .bnt e
modulus of elasticity may be determined from specimens of any cross

section.
The total displacement of any-specimen is given by

| Al = e (12.30)
Thus the total displacéments in the model and in the prototype are given

* respectively as

Al,_,. = e, .(12.31)
Al, = L, - (12.32)
Substituting (12.26) into (12.31), we obtain
R.l. 2
Al, = NALL _ (12.33)
If Al, = AL, then it follows from (12.32) and (12.33) that |
R, _ L. R, |
VLD : (12.34)

’;‘hen Eq. (12.34) {n}Jst be the scale-factor law relating the model loads
a'rll1 m.od.ulus .Of elastlclty to the prototype loads and modulus of: elasticity
When it is desired that displacements in the model and in the prototype be

~ the same, It can be seen from (12.34) that if E, = E,, then

R, =NR,/I. (12.35)
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If, on the other hand, the loads on the model and prototype are the same,
ie, R, =R, then it follows from (12.25), (12.26), (12.31), and (12.32) that
the scale-factor law relating the total displacemcnt and modulus of elas-
ticity of the modcl to the total displacement and modulus of elasticity of

the prototype is given by _
. i. E,
Al, = L NE. al, (12.36)
Uniformly Loaded, Simply Supported Beam. The sccond example of
interest is the problem of the uniformly loaded, simply supported beam.
Figure 12.5 illustrates such a beam. If it were desirable to study the
mechanion] hehavior of such a heam by means of & model, it would be

Ve

@ force per unit length) ' £
EREERENEREREREN! i‘%_»
] ’ 2c 2
' | Lk
C ,

Fig: 12.5. Simply supported beam under uniformly distributed load.

necessary to determine the scale-factor laws relating the deflections and
stresses in such a model to the stresses and deflections in the prototype.

The length, depth, and width of the model are assumed to be given
respectively as [, = A, 2¢,, = 2\c,, and b,, = Ab,. The coordinate system
is defined in Fig. 12.5. If we define a value C as - ’

¢=-1 | (12.37)
where I is the moment of inertia of the cross scction of any beam and 2¢
is the depth of that beam, then we have from the propertics of geometrical
similarity that _
' 1. =\, (12.38)
C.=NC, (12.39)
From elementary strength of materials the deflection at any point on this
beam, the elastic moment, and the longitudinal normal stress are given

respectively by:

y = 2;325 G (=P + 26" — o)  (12.400)
M=La-a |  (12.400)
M _Qz_ g " (12.400)

=TT 2
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Substituting into Iigs. (12.10) the geometrical dimensions and constants
of the prototype and model, we arrive at the relations

Vo = gup (CB 22— 2l (12.410)
Yo = 2—?,’,— (— 12+ 202l = 2) (12.415)
M, = Q—; (4~ z) (12.41¢)
My =20, - g - (12.41d)
o, = }’ - ’j—(" i —z) | (12.41¢)
O = ](—"—: = %’i” (l. — z.) (12.11))

Substituting the geometrical dimensions of the model in tcrfn"; of the

* geometrical dimensions of the prototype into Eq. (12.41), (12.41d), and

(1241f) and using the relations (12.41a), (12.41c), and (12.41¢), we get

_Q.F,
Yo = 0. % Us (12.42q)
Qn
M, = 6; M, (12.42b)
_ Gnoay '
=y (12.42¢)

From Eqs. (12.42) we sce that, if £, = I, and Q,, = Q,, the deﬂ(‘cti;ms of
t%]c model and prototype are the same. It should be pointed out at this
time th.at beeause Q. and Q, are defined as loads per unit length, if the
length is doubled the total load will be doubled but the deflec*ions «j!
remain the same. ‘ - - -
It is observed from Eqs. (12.41) and (12.42) that if ¢, = a;, the resulting
scale factor laws will be . '

Q. = M, . (12.43q)

M., = NM, C o (12.430)
—_— Ep A '

ym - E—; yv ’ (1243C)

J Cantilever .Bcam under Concentrated Load. Another example similar to
ie last one is the problem of the cantilever beam under a concentrated
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end load. Fig. 12.6 shows such a beam of length [ under load P, The maxi-
mum deflection y,... is found from elementary strength theory considera-
tions to be given by:

'Pls :
Yaur = 337 ©(12.44) _
p .
1 —
Yy 4
= 2 2
7 ==
2 : __f;'mox T}:_’
; .
'y

Fio. 12.6. Cantilever beam under concentrated load at the end.

If a model were constructed geometrically similar to the prototype, its
length would be given as I, = Al, and the moment of inertia I,, would be
given as I, = \I,. As is easily seen, the equations for the maximum
deflection in the prototype.and model are then given respectively as

P

C Bme =3ET (12.450)
_ _ P.l. y
; ) ym max 315"‘1"‘ (12.45b)

By substitutiﬁg into (12.45b) the geometrical dimensions of the model in
terms of those of the prototype, we obtain the scale-factor law for the
maximum deflections, '

— & rﬂ (yﬂ mnx)

Yrwee = P 11 7

(12.46)

From Eq. (12.46) it can be seen that one way t0 have Yo max = Yp e i tO B

make £, = E, and P,, = AP, \
Thus if we construct a model whose dimensions are, say, onc-half of ‘
those of the prototype and which is made of the same material, and load
them in a manner such that P, = 1P,, we will obscrve that the bar AB
as shown in Iig. 12.7 will remain horizontal after deflection of the two
cantilever beams (Sce Fig. 12.7).
Heavy Beam Simply Supported. The last example is the problem of the
simply supported beam under its own weight. Tig. 12.8 illustrates this
beam in its undeflected and deflected positions. Although this beam may
be considered for structural purposes as a special case of the simply sup-
ported beam under a uniform load, it is also of interest to obtain scale-

. The bar 48 should remain horizontal if B, = E,, and P, = A P,
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.Fra. 12.8. Simply supported beam under its own weight,

factor laws relating the densitios and other physical coustants of the model
to t}.le- corresponding quantities in the prot()tybc. Let v, and v, b the
densities of the model and the prototype respectively.” i e e

From Eq. (12.43a) and the fact that o

Qn = v, A, = v,(\24,)

(\)\;et(}:loncluge that to havg Yn = Ys, the scale-factor law relating the density
Nie model to the density of the prototype must be given by

E.
Ym = Xiﬁ; Yo (12.47)
If £, = E,, the scale-factor law reduces to
I
Ym = XB Y (12470)

If it were desirable to have O

o = 0oy, then th ale- . .
densities is given by ¢ scale-factor law relating the

27 | e

Tm = Yo o (] 2.48)
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and as a result the relation between the deflections is given by
- E”

ym - E_,:.

If the models were made of the same material, then it is easily seen that the

scale-factor laws for the stresses, deflections, and moments would be given
respectively by

v (12.49)

——— . (12.500)
Ym = N'Up | (12.500)
M., =AM, (12.500)

" Use of Two Scale Factors. Soinctines it becomes eonvenient to have

two factors: one (call it Aj for the lengitudinal dimensions, ard the second )

(call it 7) for transversal dimensions. Thus the dimensions and mechanical
constants of a beam mizht be L, = M\, .. = Az,, 4., = 7°4,, [.. = 2*I,,
C. = 7°C,. In the first emmple above for the simply supported beam
under uniform loading the equation relating the deflections becomes
using these quantities,

thr
Yo = Sitrmi

B+ 2Lzt — 2y (12.51)

1t is obvious that the equation relating the bending moments is identical to
Eq. (12. 42b)- However, the equation rolahng the stxesscs becomes

Ou X _ (12.52)

Om = o g,
ana g

Therefore the scale-factor law reluting the Ioads necessary to make ¢, = o,
is ziven by

Q.=%0, " (12.53)

The scale-factor law relating the deficctions is then given by

l" xz

Un =" "V . . (12.54).

E.q

PART 3
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CHAPTER 13

GRID METHODS - .

13.1-. Introduction. T.he .ﬁrst simple idea that comes to mind for the
detection of surface strains in a model 1s to put a grid on its surface and

observe the distortions of the grid as the load is put on. For rectangular
o

grids, if the initial and final spacing of the grid lines as well as the change -

n length -of one of the diagonals of the elementary squares are measured
the principal strains and principal directions can be calculated easily b, :
the rosette formula. For other types of grid geometries, for instancey
polar grids, similar measurements can be made and the strai;ls determined’
There are various methods of putting the grid on the specimen and oé
measuring the distortion of the grid under load. The methods of putti

on the grid will be discussed first, pithine

13.2. Methods of Putting on Grids. aq. Hand Scratching. For plates
made of relatively soft, transparent materials like plastics, grid lines can
be }}alld—scratched on the front face by g sharp razor blac,le guided by a
straightedge. For these thin scratches to show, the light source shoﬁ]d
come f.rom behind the specimen. The scratches will th:n appear as thin
dgrk lines against a light background. Filling the scratches with ink"
will als-o increase the contrast. This method 1s the simplest and the least
expensive, but the grid lines cannot be spaced with precfsion.

Qrcular scratches can be obtained by using a compass with a sharpened
point. The scratches obtained in this way, however, are not so thin
those obtained using razor blades. ' o *

b. Machine Scribing. Grid lines can be scratched on the surface of the
model by machine scribing. The lines obtained are well defined and
evenly spaced. , : R

c. -I-nlc Drawing. For rubber models which cannot take scratches 'th'e
grid I{nes may be drawn in ink by hand. In measuring the spacing bet\,veenA
two }mes, the centers of these lines must be estimated. Since the error
of this estimate increases with Increasing thickness of the lines. the accurac,
of this method will be higher with thin lines. An altemativ’e is to try tz
draw relatively thick lines but with sharply defined edges. Measurements
are thep made from the edges rather than from the center of the lines

Grid lines can also be drawn in ink on transparent plasties to stu.dy
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i.{rgc dc]’of-n;htions. An example of ink lines drawn on a Lucite sheet,
to study its 'formabilit,_v properties, 1s shown in Iig. 13.1. Using ~_vuéuum,
a spheré was produced in the center of the sheet, and the amount of
permanent strain introduced was determined by comparing the grid

.dn thé spherical part to the grid on the undeformed sheet.

at Rubbqf:r"Threads. For soft porous materials, thin rubber threads of
about 0.008 in. in diameter can be firmly glued on the specimen by latex.

The threads have a very low mod'ulus of clasticity so that their effect .

dn the rigidity of the specimen is negligible. Because threads are manu-
factured by the extrusion process, they have uniform thickness and straight

sides. A
1 e. Photogrid. A fine grid can bé printed on the surface of the model by

"'photographic means. The surface is first cleaned and lightly roughened

by rubbing with fine pumice. It is then coated with a thin layer of high-
contrast light-sensitive emulsion. Many types of emulsions are satis-
ifactory for this work, for instance, those used by Brewer and Glasscot
or by Millet.f Generally four or five thin layers are sprayed at about

. I min intervals to allow the layers to dry. The model should be kept out

jof the light between sprayings and under subdued light during sprayings.
|\Provision should often’ be made for fume removal. After drying, a master
‘negative is placed in close contact with the model. Exposure to an inten-
rsive light source is made. To sccure maximum clarity of the lines, a
fVaquum printing frame is preferred. The development of the exposed
‘pmj.xlsion then follows the procedure set down for the particular emulsion

[} To make the master negative, a plate glass is first coated with wax.

A finé grid is ruled on the plate glass. These lines are etched and filled

"with lead sulfide. The master negative is then obtained from the master-

grid by cpn'ﬁact printing. In this way master negatives of 100 lines per
“inch with a maximum of 21 per cent deviation from the nominal spacing
of 0.01 in. thay be obtained. This deviation becomes negligible only for
large strajns involving 50 per cent or more elongation or shortening. For

- such cases, measurcments need be made only on the spacings under maxi-

"‘mum load, -and no measurements are made on the initial spacings under
. zero load, because the nominal spacing can be taken as the initial spacings.
o An exa;‘nplle.of a photogrid on an aluminum sheet is shown on Fig. 13.2.
' “f. Embedded Rubber Threads. The grid method can also be used in
. conjunction’ with soft transparent plastics. For this application the
_grid network is constructed of thin rubber threads which are fastened to

* G, Al §3rcwer, and R. B. Glassco, Determination of Strain Distribution by the
Photogrid Process, J. Acronaut. Sci., vol. 9, no. 1, pp. 1-7, November, 1941,

; -"U. A. Mijller, Improved Photogrid” Techniques for Determination of Strain over
Short Gage L;ngths, Proc. Soc. Exptl. Stress Anal., vol. 10, no. 1, pp. 20-34, 1952.

|
1
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Fio. .13. 1. Grid lines drawn in ink used to study formability properties of transparent
plastics. The sketch shows n central cross section.
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T1a. 13.2 Photogrid applied to the surface of an aluminum Alelad 24-80 sheet. The
photograph at right shows the distortion produced by forming. (Brewer and Glassco.)

the edges of a mold. The soft plastic is then cast around the network.
The properties and the manufacturing details of a typical soft material
used can be found clsewhere.t In this manner, the grid can be located
at any desired position in the model.  In cases where the grid is cemented
to the surface of the model, the light transmitted through the model is
distorted somewhat, since the latex emulsion builds up around the threads,
and the light rays are refracted by this uneven surface.  When the grid
is embedded in the model this difficulty is not encountered. [Fig. 13.3a
‘shows a photograph of a mold with the rubber thread grid in place prior
to pouring. As can be seen from this photograph, the grid can be placed
.at any desired distance from ‘the surface of the model, and the grid lines.
can be easily spaced at intervals as close as % in.. Fig..13.3b shows a
cured sheet of the plastic with the embedded grid in place. Tig. 13.3c
shows a typical model machined from a sheet of the material. Sheets of
the material can be cast,in any desired size and thickness.

This method can be used in three-dimensional, dynamic, and plastic
de‘ormation studies. ) C

13.3. Methods of Measurement of Grids. There are two common
methods for the measurement of the distortions of the grid lines.

jl. For strains that remain after the load is removed, a micrometer
microscope can be used to measure the spacings of the grid lines directly
on the specimen both hefore and after the loading, or only after the loading
if the original spacing is accurately known. TFor elastic strains the. dis-
+ . tA.J. Durclli and W. F. Riley, Developments in the Grid Method of Experimental
;Strcss Analysis, Proc. Soc. Ezpll. Stress A nal., vol. 14, no. 2, pp. 91-100, 1957, "

)
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F1a. 13.3. A series of photographs showing various stages in the preparation of a photo-
clastic model with an embedded grid. (a) A mold with the rubber thread grid in place

prior to casting. (b) A sheet of cured plastlc with the embedded grid. (¢) A model
machined from the sheet.

tortions of the grid will be gone after the load is removed so that this
method cannot be used. If the strains at only a few points are needed,
~measurements directly on the specimen can be made by the microscope
while the load is on. Where a large number of measurements is to be made,
~ these measurements become difficult to conduct and the method given
below may be. used.
2. Two pictures of the specimens are taken, one at zcro load and the

other at maximum load. These will furnish a permanent record of the -

distortion of the grid, which can later be examined at ease; ~Measurements
on the spacings of grid lines are made on these two pictures instead of
on the specimen. Two important sources of error in this method must
be carefully guarded against. First, photographic paper usually shrinks
with time. -Measurements on the same print on different days often
show discrepancies of the order of the strains due to the stresses. . Glass
plates, though more expensive, are therefore preferred. Second, often
owing to slack motions in loading ‘'mechanisms, the specimen may move

a little during the loading process. Since the-camera is usually unaffected

by the loading, there will be a relative motion between specimen and
camera caused by .the loading. The component of this relative motion
in the plane of the specimen does not change the distance between the
specimen and camera so that the size of the image formed on the plate
will not be changed. But the component in the direction of the camera
will change the size of the image &nd often cause a serious error in the
computed strain. For instance, let P,Q, represent an object placed at.a
distance d from the center of the lens (fig. 13.4). Let Q[ be its image
formed on the photographic plate at a distance d’ away from the center
of the lens. Let the object be displaced to its new position PQ, withot}t

CILD METHODS

<~ Originol position of specimen
D - Finol position of specimen

~— Photogrophic plate

r<——>—’1§

A ) — d F
R .
The V~—__ |1
™~ d = \\\ 0: _i
' e 1
al

F1a. 13.4. Error introduced in photographic strain measurements due to movement 5

- of specimen.

changing its length. Then the new image will be represented by P'Q.
Using the properties of similar triangies, we have

I h
- = 3 13.1
‘ 4
I+ Al h
= 2
. d d — Ad (13.2)
' Taking the difference of the above two equations, we have
Al b Ad '
7= 47— ad (139)

By Egs. (13 1) and (13.3) we obtain the apparent strain e,, due to the

movcmcnt .of the specimen,

Al Ad

eﬂp T = d —_ Ad (13.4)

{
At e’wh point in the specimen this apparent stram is the same in all
dlrcctxonb hence it is a hydrostatic strain. In general, the amount of
displacement in the direction of the camera may be different at dilferent
© points so that this hydrostatic strain may vary from point to point in the

- specimen and is not necessarily homogeneous. An idea of the magnitude

" of the error involved in expenments using flexible loading mechanisms
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having slack motions can be obtsined from this numerical example. Let
d = 10in. and Ad = 001 in.; then, by Eq. (13.4), ., = 0.001, which
- may be larger than the strains caused by tho loading. Such small move-
ments of the specimen will not throw the image out of focus so that the
presence of the error cannot be detected through inspection of the image
to check whether it becomes blurred or not, Since the slack motion of
most loading mechanisms will have taken place by the time a small load
Is on, it is advisable to use a fraction of the maximum load, say, onc-fifth,
as the initial load, to take two pictures, one at this load and one at the
maximum load, and to measure the change of strain due to the increase
of load. Where portions of the specimen have zero or known strains
under load, these.can be used to compute the motion of the specimen.

Usually the hydrostatic apparent strain does not vary appreciably from - |

point to point so. that it can be taken as the same for all points and a
single correction applied to all the measured strains,

13.4. Determination of Stress Concentrations by Fischer’s Method.

Suppose we have a number of points A, 4y, ...; A, on a straight line
parallel to the X axis (Fig. 13.5). Let Xo, Xy, ..., X, be the X coordinates

of these points before the body undergoes deformation. ‘After deformation, - !

Y4 . .

e P »

[<—2%o 2 3 4
‘ b_AZL\zr———"__"\o——o\ n

A A A 4 An

[— Xg—>{ —

[<—— &

. X |

A ———— P ¢ .

z

Fia. 13.5. Fischer's method of determination of stress concentrations. After def ormation,
AoA. is displaced to AJ4L

suppose these points move to their new positions A¢, Af, ..., A2, Let
X3, X1, ..., X! be the X coordinates of these new positions. By definition,
the displacements in the X direction, denoted by u, are X} — Xo, X1 —
Xy oo, X — X, for the points Ag, 4,, ..., 4., respectively. If-we plot
these displacements against the X coordinates of the undeformed positions

ol2 , ~ GRID METHODS

~ ¢f the puints, we obtain a number of points ao, @4, ..., @ (Flg. 13.6). If
" we puss o smooth curve through these points, then the slope of the curve, ..

du/de, will give the strain in the X dirccuion, e,. This method of plotting
RS !

. the ur curve and obtaining e, from its slope was due to Fischer.t It has

several advantages over the usual method of calculating the strains.
(1) A point which deviates excessively from the smooth curve can be

On

Fic. 13.6. Fischer's method of determination of stress concentrations, The slope of the
curve at each point gives the strain at that point.

discovered immediately from a glance at this uz curve. - Measure‘ments
on this point can be carcfully checked again to detect a probable mistake,
or, if that is not possible, the point is discarded. (2) In the usual method,
the average strain in the interval A,4; is computed by the formula
e = Al/l or . ‘ . '

= (z§ — x7) — (z2 — 7))

€
z Zy — Xy

This.corrcspohds to'the slope tan a of the chord a,a, in Fig. 13.6. Similarly
the average. strain in the interval 4,4, is given by the usual method as
the slope of the chord a,a,. The strain ¢, at 4, is then taken as the mean

tG. Fischer, “Versuche uber die Wirkung von Kerben an elastische beanspruchten

. Biegestaben,” dissertation T. H, Aachen, 1932, VDI Verlag G.m.b.h., Disseldorf, 1932.

s

%
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slope of the chords a.a, and a,a,. This mean is close to the slope of the
tangent at a,, so that here the accuracy of the usual method, though not
so good as Fischer’s method, is almost as good. At or near a stress concen-
tration (for instance, A;); however, the average of the two slopes of the
chords a.a; and a,a, is much lower than the slope of the tangent through a,.
The ordinary method thercefore misses the peak strain, whereas Fischer’s
method does not.  For the determination of stress concentration, Fischer's
method is therefore always preferred.

13.5. Determination of the Distribution of Stresses in a Plate with a
Circular Hole, under Unidimensional Load by the Rubber-model Method.
The problem of the hole in a plate under tension was investigated by the
rubber-model method. A rubber sheet 36 in. in length, 12 in. in width,

- and { in. in thickness was used (Fig. 13.7). A circular hole 1 in. in diam-

Fig. 13.7. Test setup for rubber sheet (36 by 12 by 14 in. with a 1-in. hole stretehed in
its plane). The grid is drawn with India ink. The sheet rests on ball bearings to decrease
friction.

eter was drilled in its center, and a constant deformation was applied to
the sheet by means of a turnbuckle. When the sheet was hung vertically,
it was found that the dead weight of the loading jig and rubber sheet
produced enough strains to distort the circular hole. To avoid this, the
sheet .was therefore placed in a horizontal position. To avoid friction,
the sheet wis supported on ball bearings, as shown in Fig. 13.8.  On the

rubber sheet, a fine grid was drawn with India ink (Fig. 13.9). Both -

polar and cartesian-coordinate systems were used. The distance between
lines varied from 1/32 to 4 in.~

Photographs of the sheet were taken for a small initial load and for
increasing amounts of load. The -camera setup is shown in Fig. 13.10.
_The photograph of the grid at about 10 per cent longitudinal deformation
is shown in Fig. 13.11. Photographic plates and not filmsg were used.

The first obvious feature of the photographs is that the drawn circles
become ellipses after deformation. The circle on the longitudinal axis

. are proportional to the distance between the circle and ellipse.

GRID METIHODS

Fic. 13.8. Ball bearings used to support the rubber sheet Ioaded horizontally,

of the sheet away from the hole and the two ends elongates longitudinally
and contracts transversely. With the micrometer microscope, it is easy
to measure on the two photographic plates the lengths of the longitudinal
and transversal diameter before and after deformation. Dividing the
change in length by the original length, the two principal strains are
obtained. The ratio between them is Poisson’s ratio, since the transversal
stress is negligible there. '

It is also obvious that, although the directions of the axes of the ellipse
on the longitudinal axis of the plate remain longitudinal and transversal,
the axes of the other ellipses shifted. The directions of these axes are the

. directions of the principal strains and stresses.

Superimposing the original circle on the deformed ellipse, as shown in
Tig. 13.11, the strains in all directions become apparent. These strains
(The
circles should be small for this to be true.)

; The hole in the plate becomes elliptical; its axes coincide with the axis
of the plate. In the polar-coordinate system radial lines diverge promi-

! nently at the boundary near the transversal axis and converge at the

boundary near- the longitudinal axis, making it easy to understand the
two fundamental facts produced by the hole:
1. There is an extra elongation at the boundary on the transversal axis

- (stress-concentration phenomenony. o
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Fre. 13.9. Grid system used in the rubber-sheet test.
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Fic. 13.10. Camera arran gement in the rubber-sheet test.

the center of the hole are obtained by micrometer-microscope measurements

. on the two photographs, one at a small initial load and the other at about

2. There is a contraction at the boundary on the longitudinal axis."‘

Since at free boundaries the state of stress is unidimensional, this contrac-
tion demonstrates the cxistence of ‘a compressive stress.
The longitudinal and transversal strains on the transversal akis through

10 per cent longitudinal deformation. Fischer’s method was used. The
uniform longitudinal strain at the portion of the plate midway between
the hole and the clamped ends is also measured. These measured strains
are translated into stresses by the stress-strain relations. The ratios of
the stresses on the transversal axis to the stress in the uniform field are
computed, plotted, .and compared with Howland’s theoretical values
(Fig. 13.12).  The agreement is fair. It was found that the stress-strain

relationship for the particular rubber used (Hevea natural rubber 28.5%, .
fillers 56.3%, vulcanizer 8.6%, sulfur 3.1%, oils 3.5%) is practically
straight for strains not larger than 10 per cent. The modulus of clasticity

was thercfore assumed to be constant. Its value did not enter the final
/ result because only the stress ralios, not stresses, were calculated. Pois-
son’s ratio of the rubber was assumed to be 0.32 in the computations.
A point (r = 2.12a¢; § = 28°17’) was arbitrarily sclected for th- ~ termina-
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Fia. 13.11. Rubber sheet under about 10 per cent elongation.

tion of stresses from measured strains. Three strains were measured
(longitudinally, transversally, and at 45°), and the printipal stresses and
principal directions were calculated by the rosette formula and the stress-
. strain relations (Tig. 13.13). Here also, the check with values obtained
by Kirsch's formula is fair. .

1
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Fie. 13.12. Distribution of stress on the transversal axis of a plate with a circular
hole, under a unidimensional uniformly distributed load. (Comparison of theory and
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rubber-model measurements.) Poisson’s ratio of rubber is taken as 0.32.

2a =1
r=2120
g = 28°17"
Theoretical Experimental
value vulue
(Kirsch)
A 0924049 0.9384,g
oy —0.1680.g —0.19000g
a R 12°20' 13°10’

F1g. 13.13. Theoretical and experimental determination of stress and strain at any.
point on a plate with a circular hole, under unidimensional uniformly distributed load.
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13.6. Determination of the Stress-Strain Relations. of a Rubberlike
Material. The rubber-thread method was used to determine the stress-
strain relations of a rocket propellant. The thread used has a diameter of

. 0.008 in., and was glued on the specimen by latex. - A serics of motion
pictures were taken on the specimen as it was loaed to failure.

Measurements were made on these pictures by means of a comparator
and the stress-strain curve plotted. Owing to the large deformations’
“involved, true stress and natural strain were used. F igure 13.14 shows
pictures of the specimen before loading, during loading, and after failure.
The straight rubber threads become wavy under loading. This strongly
indicates that the material is not homogeneous.

Roid '»'30°F""'
kg 3.78 IN/IN/IN.

Fig. 13.14. Rubber-thread grid cemented to a rubberlike-material, tensile specimen.

The photograph at the left shows the unloaded specimen. The photograph at the right

shows the specimen after failure. The photograph in the middle shows nonhomogeneous
strain produced by heterogeneity in the material. ’

13.7. Grids for Point Location. - Sometimes in experimental stress
analysis, in particular in connection with photoelasticity and the brittle-
coating method, it is found convenient to have a grid on the specimen to
help in the location of points. When the specimens are of complicated
shape, this is often a necessity. The grids are then used, not to measure
strains, but to allow a precise location of the points where strains or stresses
are determined, and they often coincide with a coordinated system, either

cartesian or polar. For photoclastic applications these grids are often

scribed on the surface of the plastic specimen. For brittle-coating appli-
cations the grids are usually drawn with Dykem Steel Blue, An example
of grids on brittle-coating specimens is shown in Figs. 17.2 and 17.3 of

the chapter on applications of brittle coating. An example of grids on

photocla:  specimens is shown in Fig. 13.15.

ol GRID METHODS

F1a. 13.15. Grid scx;ib.ed on s photoclastic specimen to allow & precise location of the
points where stresses are determined. The grid lines were scratched on a plastic model
by means of a sharp-point steel scriber.

13.8. Determination of the Distribution of Strains in a Disk under
Diametral Compression. To use the embedded-rubber-thread technique,
a sheet of plastic was molded about a grid of rubber threads, and then
cured for two days. A disk was then machined from the sheet and placed
ina loading frame. Since the plastic had photoelastic properties the disk
and loading frame ‘were placed in a field of circularly polarized light. -
Fringe putterns and the grid network were photographed simultancously.
These data are illustrated in Fig. 13.16, which shows (a) a light-field photo-
graph before the load was applied, {b) a loaded photograph o 1 distor-
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Frc. 13.16. A series of photographs showing complete photoelastioc-and grid displace- -

ment, data. (a) A light-field photograph before the load was applied. The fringe at the
point of support is due to the dead weight of the disk. (b) A photograph of the grid
displacements after the load was applied with the polariscope elements removed,
(¢) A photograph of the light-field isochromatics and grid displacements. (d) A photo-
graph of the dark-field isochromatics and grid displacements. The black circles in (a),
(b), and (c) are a reference sphere used to compensate for film shrinkage. Data obtained
from the grids are sufficicnt to solve the elastic problem.

tions only, (c) light-field isochromatics and grid distortions, and (d)
dark-field isochromatics and grid distortions. Only Figs. 13.16a and b are
nceded for the grid analysis. These two photographs give all values of
strain and by use of E and » all values of stress. However Figs. 13.16¢
and d will be used for comparison.

An enlarged view of the isochromatic pattern and the grid distortions
in the neighborhood of the load are shown in Fig. 13.17. '

A fixed reference should always be placed in the field of the photographs
to compensate for possible errors which could be introduced by film
shrinkage. In thisstudy a small sphere was used, as seen in Fig. 13.16.

The photographs of the disk were taken.on a diffused-light polariscope,
and both a measuring microscope and an optical comparator were used to
make the grid measurements. It is believed that the optical measurements
of grid displacements are accurate to = 0.0002 in,

" GRID METHODS

F1. 13.17. An cnlarged view of the photoelastic isochromatics and grid displacements
in the neighborhood of the point of application of the load.

In order to compare the photoelastic results with the strain measure-
ments determined from the grid displacements, the following relationship
was derived. From the planc-stress equations in Exercise 6.3,

1 1 _
€ = E (o ~ vay) € = E (o2 — voy)

The difference in principal strain is then found to be
14w

€ — € = B (01 - '72)

“The ratio of principal stress difference to principal strain difference 18
ithus a coustant. o |
‘ gy — O E

51"52_,1-"}"’
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The difference in principal stress was computed for the harizontal and
_ vertieal diameters of the disk using the photoclastic isochromatics and
~ the fringe value for the material of 0.54 psi in./fringe. The two principal
strains were determined for the two diameters from the grid displacements
by Fischer’s method. The'strain difference was then computed and plotted.
‘The resiilis of these calculations are presented in the form of the curves
shown in Figs. 13.18 and 13.19. A comparison between the photoelastie

and grid network results is shown in Tables 13.1 and 13.2,

Tasre 13. 1. HorizonTaL Disseter

Position o) — o3 6 - e noon
€ — €
psi psi
~0.1b 3.26 0.0053 612t
- 0.2D 7.80 0.0183 426
0.3D 13.40 0.0320 419
0.4D 18.55 0.0433 427
- 0.5D 20.55 0.0490 419
Tanre 13.2. Venrear Diameren
Position . — oy €6 — & —_— :‘—'—1
A R €@ — €
}si psi
0.1D 3970 0.090 441
. 0.2D - 29.80 0.069 429 .
0.3D 24.60 0.058 424
0.4D 21.60 0.052 . 415
0.5D 20.55 0.049 419

INot used for the statistical measures,

From the data of Tables 13.1 and 13.2, s

tatistical measures of the quan-

tity 222 \ere calculated as indicated below:.
€ — € .

a. Mean = 424.3
" b. Standard deviation = 7.76 ~

¢. Cocflicient of variation = 1.83

The results presented in Tables 13.1 and 13.2 show that the strain
measurements correlate very well with the photoclastic results. Except
~in the region of very low strains near the boundary of the disk and in the
region of high strain gradient ncar the point of application of the load,

a0,
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" Fig. 13.18. Photoclastic and grid measurement results for the horizontal diameter

of the disk.
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Fie. ‘13. 19. Photoclastic and grid measurement results for the vertical diamcter of

the disk. ’

éhe cocflicient of variation is less than 2.00. The. value of E_/(l + v)
computed independently was found to be 420. This compar worably
witlh_the’ mean of the disk results, 424.3.

-

©
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In addition to the comparisons of Tables 13.1 and 13.2, a static equi-
librium check was conducted by determining the distributions of o,
‘across the horizontal diameter from the mecasured strains and the clastic
constants of the material. The total normal force across the diameter
checked to within 2.5 per cent of the applied load.

The usefulness of the method is limited to cases in which large deforma-
tions of the plastic do not produce appreciable chunges in the boundary
conditions. It is obvious in Fig. 13.17 that the distribution of stress at
the zone of contact is very different from the corresponding distribution
produced by a load concentrated at a point. This limitation is also en-
countered in other methods of stress analysis such as the “freezing”
technique in three-dimensional photoclasticity.

D
70,3

g

13 \ .
Ao 2 3 4 sT 5\ 7\ e\ 8
(R

Points on the - Distance measured from point O, in,
longitudinal grid line .
tangent to the hole . Plate not loaded . Plate loaded

0 0 0 .

1 - 0.018 - 0.027

2 0.034 0.053

3 0.057 0.089

4 0.073 - 0.118

5 0.098 0.158

6 . 0.111 0.181

7 0.136 0.222

8 0.162 ' 0.261

Fi1g. 13.20. Use of Fischer’s method to determine the stress concentration at the bound-

ary of a hole.

326 . , GRID METHODS
EXERCISE <

Determine .the average strains in the eight intervals on the line AB (Fig. 13.20).
From these average strains compute the strains at the seven interior points 1,2, ..., 7.
Determine the strains at these seven interior points again by Fischer's method, and

"~

calculate the per cent difference between the results obtained from these two methods. *

Determine the strains a third time using Fischer’s method; however, in addition, take
advantage of the symmetry in respect to the transversal axis,
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. JOSE ANTONIO CASTILLA CORONA = - . COMISION" FEDERAL DE ELECTRICIDAD
Planta XIA No. 55 Casa 15 . : Rioc Rédano No. 14
. Col. Electra ‘ : C Col. Cuauhtémoc
Edo. de México ' . : México 5, D. F.
Tel: 3-97-46-10 Tel: 5- 53 71- 33 Ext 2530
. ING. FRUCTUOSO CASTILLO ROMERO DEPARTAMENTO DE LA INDUSTRLA MILITAR
Av. Industria Militar s/n ~Av. Industria Militar s/n
Lomas de Sotelo ‘ Lomas de Sotelo -
México, D. F. México, D. F. -
Tel: 5-89-29-85 _ Tel: 5-89-29-85
. ELOY CRUZ GOMEZ a : ' DESFI-UNAM
Medicina 32 ' o - Ciudad Unlver51tar1a

Capilco . L México 20, D. F.
México 20, D. F. . '
Tel: 5-48-32-18

. ING. ROBERTC CHAVEZ JIMENEZ ‘ : SISTEMA DE TRANSPORTE COLECTIVO"METRO”

. Av. Central 2956 . Av. Hangares
Col. Educacién , - Col. Federal
México 21, D. F. . . México, D. F.
Tel: 5-44-24-63 " Tel: 5-71-56-00 Ext. 815

. J. CARLOS DOURIET - : ' _ ESCUELA DE INGENIERIA CIVIL-U.A.S.
Benito Judrez No. 787 Ote. ' Ciudad Universitaria
Culiacén, Sin. - Culiacan, Sin. '

" Tel: 2—11~27 : I

. ING. GABRIEL GALLO ORTIZ ) . .- - LABORATORIO DE ESTRUCTURAS-I.P.N.
Cali No. 337 - ... Unidad Profesional de Zacatenco
Valle Dorado _ ' México 14, D. F.
Edo. de México ' Tel: 5-86-01-44

Tel: 3-79-69-16



10

1

12.
Av. 523-162

13.

14.

150

16.

DIRECTORIO DE ASISTENTES AL CURSO ANALISIS EXPERIMENTAL DE ESFUERZOS

( DEL 27 DE NOVIEMBRE AL 8 DE DICIEMBRE DE 1978 )

NOMBRE Y DIRBCCION‘

LOURDES LOBERA MAYA

Colina de Lajas No. 4
Boulevares

Cd. Satélite Edo. de México
Tel: 5-62-47-82

. ING. RUBEN M. MARTINEZ CASILLAS

Ed. 39-D-401

Unidad Lindavista Vallejo
México 14, D. F.

Tel: 5- 67-59-32

. BASILIA QUINONES DE ESCALANTE

Calle 10 No. 1279
Culiacédn, Sin.
Tel: 3-32-75

ING. RAMON RAMIREZ URIBE

Unidad Aragén
México 14, D. F.
Tel: 5-89-65-33

FIS. HORACIO NOVELO RETANA
Oriente 229-B No. 121
Col. A. Oriental

“México 9, D. F.

SALVADOR VALLE VALLE
Privada de Mendoza No. 27
Col. Huipulco

México 22, D. F.

Tel: 5-73- 13 39

ING. ARMANDO WONG RAMOS
Calle 7 Edif. 57-B
Departamento 203

Lomas de Sotelo

México 10, D. F.

Tel: 5-57-70-42

ALFREDO ZATARAIN TTSNADO

-Av. Universidad 1900 Edif. 50-403
. Col. Oxtopulco

México 20, D. F.

EMPRESA Y DIRECCION.

" LABORATORIO DE ESTRUCTURAS I.P.N.
* Unidad Profesional de Zacatenco

México 14, D. F.

Tel: 5-86-01-44

LABORATORIO DE ESTRUCTURAS I.P.N. '
Unidad Profesional de Zacatenco .’
México 14, D. F. SRS

Tel: 5-86-01-44

ESCUELA DE INGENIERIA CIVIL- U. A S
Ciudad Universitaria

Culiacén, Sin.

Tel: 2-49-70

DEPARTAMENTO DE LA INDUSTRIA MILITAR

Av. Industria Militar s/n
Tecamachalco .
México 10, D. F.

Tel: 5-89-65-33

SECRETARIA DE AGRICULTURA Y RECURSOS
HIDRAULICOS '
Sierra Gorda No. 23

Lomas de Chapultepec

Tel: 5-20-73-07

DESFI-UNAM ,

Ciudad Universitaria

- México 20, D. F.

SECRETARIA DE AGRICULTURA Y RECURSOS

HIDRAULICOS

Sierra Gorda No. 23
Lomas de Chapultepec
México 10, D. F. :
Tel: 5-20-73-07-

DESFI -UNAM ,
Ciudad Universitaria
México 20, D. F.





